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Abstract 
 
Lead is a toxic element that has no biological role. To increase the knowledge of the mean lead 
concentrations accumulated and excreted by the organism, a study was developed to measure lead 
concentrations, using different atomic spectrometry techniques, in several tissues and excretions of 
Wistar rats. These rats were divided in two groups: one exposed to lead since foetal period, by lead 
acetate in drinking water, and a control group, not exposed to lead. By collecting samples of rats 
with different ages it was also studied the influence of age in lead concentrations. The studied 
organs and excretions were: iliac bone, tibia-fibula, femur, skull, liver, kidney, urine and faeces. 
When conducting a study like this, the analytical techniques used the knowhow and the ability to 
understand the physical processes occurring are also of major relevance. In this work it was used 
the Energy Dispersive X-ray Fluorescence (EDXRF) technique to analyze the solid samples and 
the Electro Thermal Atomic Absorption Spectrometry (ETAAS) technique to analyze the urine. To 
carry on with the urine analysis it was developed an Ultrasound Solid-Liquid Extraction (USLE) 
procedure. This procedure was also applied to analyse brain samples. The Total Reflection X-ray 
Fluorescence (TXRF) technique was also used to study urine samples and to assess some of the 
results obtained with ETAAS. 
In this work, several correlations between the different tissues were found. A possible evidence of 
pre-natal exposure was verified because the samples belonging to rats with 1 month old presented 
much higher mean lead concentrations than the concentrations, measured in works of other authors, 
of rats exposed to lead but not from foetal period. Furthermore, this study seems to corroborate that 
lead ingestion decreases with age, once it was measured a decrease of lead excretion by faeces with 
age. It was observed that lead concentration in tissues depends on the type of tissue. Mean lead 
concentrations measured were higher in bones (iliac, femur, tibia-fibula>skull) - hundreds of ppm, 
then in kidney - dozens of ppm and finally in liver on the order of ppm. The urine samples had the 
lowest mean lead concentrations on the order of hundreds/thousands of ppb, and faeces the highest 
mean lead concentrations, with values of dozens of thousands of ppm. One of the main 
contributions of this work was to show that lead accumulation and excretion decreases with age by 
plateaus in all tissues except in the kidneys. 
 
 
 
Key words: EDXRF, ETAAS, TXRF, USLE, lead, biological samples, age dependency. 
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Resumo 
 
O chumbo é um elemento tóxico sem função biológica no organismo. Para melhorar o 
conhecimento relativamente às concentrações acumuladas e excretadas pelo organismo, foi 
elaborado um estudo para medir a concentração de chumbo, utilizando diferentes técnicas de 
espectrometria atómica, em vários tecidos e excreções de ratos Wistar. Estes ratos foram divididos 
em dois grupos: um exposto ao chumbo desde o período fetal, através de acetato de chumbo 
dissolvido na água que ingeriam, e um grupo controlo, não exposto ao chumbo. A recolha de 
amostras de ratos com idades diferentes permitiu também estudar a influência da idade na 
concentração de chumbo. As concentrações de chumbo foram medidas e quantificadas nos ossos 
ilíacos, tíbia-perónio, fémur, crânio, fígado, rim, urina e fezes. 
Quando se conduz um estudo com esta dimensão é necessário ter em conta as técnicas de análise 
utilizadas, o know-how e a capacidade de compreender os processos físicos que ocorrem. Neste 
trabalho utilizou-se a técnica de Fluorescência de Raios-x Dispersiva em Energia (EDXRF) para 
analisar as amostras sólidas e a técnica de Espectrometria de Absorção Atómica Electrotérmica 
(ETAAS) para analisar a urina. Para se efectuar a medição das amostras de urina foi necessário 
desenvolver um procedimento de Extracção Assistida por Ultra-Sons (USLE). Este procedimento 
foi também usado na análise de amostras de cérebro. A técnica de Fluorescência de Raios-x por 
Reflexão Total (TXRF) foi também utilizada para medir amostras de urina e verificar alguns dos 
resultados obtidos por ETAAS. 
Neste trabalho, constatou-se a existência de várias correlações entre os diferentes tecidos. Foi 
também observada uma possível evidência da exposição materna durante a gravidez, uma vez que 
as amostras pertencentes a ratos com 1 mês de idade apresentaram concentrações médias de 
chumbo muito maiores que as concentrações encontradas em trabalhos de outros autores feitos em 
ratos expostos ao chumbo, mas não desde período fetal. Verificou-se uma diminuição, ao longo da 
idade, da concentração de chumbo excretada nas fezes o que poderá corroborar o facto de que a 
quantidade de chumbo ingerida diminui com a idade. Constatou-se que a concentração de chumbo 
nos tecidos depende do tipo de tecido. As concentrações médias de chumbo medidas foram mais 
altas nos ossos (ilíaco, fémur, tíbia-perónio > crânio) - centenas de ppm; seguindo-se o rim - 
dezenas de ppm; e, finalmente, o fígado na ordem dos ppm. A urina apresentou a menor 
concentração de chumbo medida, na ordem das centenas/milhares de ppb, e as fezes a mais alta, 
com valores nas dezenas de milhares de ppm. Uma das principais contribuições deste trabalho foi 
mostrar que, ao longo do tempo, existe um a diminuição na acumulação e excreção de chumbo que 
é feita por patamares em todos os tecidos, excepto nos rins. 
 
Palavras-chave: EDXRF, ETAAS, TXRF, USLE, chumbo, amostras biológicas, dependência com 
a idade. 
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1.1. General study: outline and goals 
 
Lead has no physiological function in the organism and represents a problem to the public health 
[1]. Its toxicity is mainly due to the affinity for sulfidric groups, inhibiting enzymes activity, and its 
ability to replace calcium. Lead intoxication symptoms range from common symptoms, as nausea 
and fatigue in the beginning of intoxication, to severe manifestations as peripheral neurophaty, 
saturnine colic, dementia and even death.  
 
Lead is a soft, ductile and malleable material with high density and very resistant to corrosion. Due 
to these properties it plays a significant role in modern industry, being the most widely used 
nonferrous metal [2]. Generally, human exposure to lead comes from the following main sources: 
leaded gasoline, lead-based paint; lead pipes in water supply systems; processes such as lead 
mining, smelting, and coal combustion. It is also used in ceramic glazes, batteries, and cosmetics 
[3, 4]. 
Even with the recent efforts being made to reduce the lead (Pb) concentrations in the environment, 
intoxication by this poisonous element is still a current problem. Several 
recommendations/regulations have been developed by agencies of environmental and public health 
protection, such as Environmental Protection Agency (EPA), World Health Organization (WHO) 
and Agency for Toxic Substances and Disease Registry (ATSDR). These agencies have established 
limit values of mean lead concentration in blood, water, air and soil. The established threshold 
concentration of lead for children in blood is 10 µg dL-1 while for exposed workers is 30 µg dL-1. 
The lead concentration in public air should be no higher than 1.5 μg m-3 averaged over 3 months, 
while in workroom the limit is 50 μg m-3
 
for an 8-hour workday. Regulations also limit lead in 
drinking water to 1 000 μg dL-1, although the goal is drinking water free of lead. For residential 
soils, the value is 400 μg g-1, although only soils with concentrations below 50 μg g-1 are 
considered not contaminated [5]. 
The debate on the level from which the concentration of lead ingested starts producing adverse 
effects has not reached an agreement. With increasingly sensitive methods, lower and lower doses 
effects have been identified, suggesting there is no threshold for lead toxicity [6]. 
 
Besides all the studies made there is still a major lack of information concerning the correlation of 
lead concentration in the several biological tissues and its effects. 
The main goal of this work is to increase the knowledge of lead accumulation and excretion in the 
organism, through the analysis of lead concentrations in several tissues and excretions of exposed 
rats, developing new sample treatment methodologies whenever needed. Comparing the mean lead 
concentration values of the exposed rats with control rats, finding relations between the several 
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excretions and tissues and study the influence of age and pre natal exposure in lead concentrations 
are the principal objectives. 
The novelty of this study lies in the fact that it is assessed, for the first time, the influence of age in 
such large number of organs and excretions on the same group of rats exposed since the foetal 
period. 
 
Two groups of Wistar rats were used, one exposed to lead since foetal period (n=30) and other, a 
control group (n=20), not exposed to lead. The measurements were made in several tissues and 
excretions of rats ageing between 1 and 11 months, with about 1 month interval. To determine 
mean lead concentrations of the samples two principal techniques were used Energy Dispersive X-
ray Fluorescence (EDXRF) for liver, kidney, bones (skull, iliac, femur, tibia-fibula) and faeces, and 
Electrothermal Atomic Absorption Spectrometry (ETAAS) for the urine samples. 
ETAAS was also used in some analysis made in brain, namely two specific brain areas Nucleus 
Tractus Solitarius (NTS) and Hypothalamic Defence Area (HDA), responsible for the arterial 
pressure control. This last study was made without considering the age of the rats and mainly to 
develop a method to extract lead from brain tissues using ultrasonic solid-liquid extraction. 
The liquid urine samples were analyzed by ETAAS and Total Reflection X-ray Fluorescence 
(TXRF) essentially due to the small volume and amount of lead concentrations present in the 
samples. 
The TXRF technique provides multi-elemental and non-destructive analysis, and it is of common 
use in trace element determinations in environmental and biomedical samples study. Due to the 
high reflectivity of the sample holder almost eliminating the spectral background, the detection 
limits of this technique are in the order of µg L-1 [7-10]. 
The most widely used technique to measure lead in urine is the ETAAS, and several analytical 
methods have been described for urine analysis using this technique [11-13]. Nevertheless, it was 
developed a sample treatment method based in the ultrasonic solid-liquid extraction [14-16], to 
assure that the measurement of the lead concentration concerns not only the liquid part, but also the 
solid part (precipitation) of the urine. The detection limits of this technique are in the order of 0.1 
µg L-1. 
The EDXRF is a widespread fully matured instrumental analytical method. This analytical method 
plays an important role in biological samples analysis once it provides multi-elemental analysis, for 
all the elements with atomic number higher than 13, in a wide range of concentrations [17]. The 
EDXRF has the advantages of performing non-destructive analysis independently of the chemical 
form of the samples, rapidly at relatively low costs and high precision. To improve the accuracy of 
the EDXRF analysis triaxial geometry was used [7, 18] and detection limits in the order of µg g-1 
were achieved. 
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This dissertation is divided into six main Chapters: Chapter I consists in some general facts about 
lead and an introduction to the work and main goals; Chapter II is dedicated to the history of lead, 
its intake and distribution in the organism, toxicity in the main organs and excretions studied in this 
work, as well as a review about the current spectroscopic techniques for lead analysis in 
biological samples; Chapter III relies in the fundamental principles of X-ray Spectrometry, giving 
especial attention to EDXRF and TXRF; Chapter IV contains the fundamental principles and main 
features but of Atomic Absorption Spectrometry (AAS), giving emphasis to ETAAS, more 
specifically to graphite furnace devices; Chapter V contains the description of the experimental 
procedure and includes the sample collection, sample treatment procedure development, 
experimental setups and a small introduction to the statistical tests used, and finally Chapter VI that 
comprehends the results and conclusions of this study. 
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2.1. Lead in the Environment: A worldwide problem 
 
Lead occurs naturally in the Earth crust, and is usually found combined with other elements to form 
lead compounds, for example lead sulphide (PbS) and more rarely lead carbonate (PbCO3) and lead 
sulphate (PbSO4) [5]. Due to its valence shell configuration 6s
2 6p2, lead can be found in three 
oxidation states: Pb0, the metal; Pb2+ that exists primarily in the environment; and Pb4+ that is only 
formed under extremely oxidizing conditions [19]. 
 
This heavy metal was widely used by mankind for 6000 years. The history of lead poisoning is 
nearly 2500 years old with the earliest written accounts of lead toxicity found in Egyptian papyrus 
[20]. It was also commonly used by the Romans and Greeks for glazing pottery, kitchenware, lead 
seals attached to messages and merchandise and for plumbing [19]. During the Middle Ages lead 
was commonly used for medicinal purposes and alcoholic beverages, in which large amounts of 
lead were added intentionally to sweeten the wine and ciders [19, 21]. The use of lead continued to 
spread over the centuries and only in the 15th century appeared the first prohibition laws, with the 
Spanish and the French governments prohibiting the use of lead in wine, despite it continued being 
used with other purposes as paint pigments and moveable type for the printing press. This heavy 
element continued being used through the centuries and it is appointed as the main cause of death 
of several famous painters, as for example the Spanish painter Francisco Goya (18th-19th centuries) 
and the Dutch painter Van Gogh (19th century), who used lead pigments on their paintings [22, 23]. 
With the industrial revolution the amount of industrial waste increased, in particular waste products 
with high concentrations of heavy metals from mining and sewage sludge. These waste water 
sludges are still commonly used in agriculture as fertilizers that contaminate the soils and increase 
the exposure to lead in the environment (c.f. Figure 1). 
 
In the last decades, a lot of efforts have been done in order to reduce the high lead levels that 
humans are exposed to. Safety procedures as the withdrawal of lead in gasoline, the removing of 
lead solder in food-containing, the prohibition of household paints with high lead concentrations, 
the control in the process of producing and recycling batteries, the improvements in vigilance 
guidelines to detect lead in toys, in plastics and in cosmetics, as well as the severe legislation in the 
use of hazard substances to produce electrical and electronic equipment, have been implemented in 
the more industrialized countries [3, 5, 24].  
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Figure 1: Soil contamination by lead in 2005 25]. 
 
 
However, lead blood levels are usually greater than 10 µg dL-1 in children younger than 2 years of 
age that live in urban areas of developing countries [26]. In China a review of 17 studies from 
different industrial and heavy traffic areas of the country found that between 65% and 99.5% of 
children had blood lead levels above 10 µg dL-1. Even outside of those high-risk areas, about 50% 
of China’s children had high blood lead levels [27]. In Nigeria, despite the lower levels of 
industrialization and car usage, it is estimated that 15% to 30% of the children living in urban areas 
have blood lead levels greater than 10 µg dL-1 [28]. 
Despite the efforts to reduce lead exposure, the human being is still exposed to lead levels 100- to 
1000-fold higher than pre-industrial humans [29]. Saturnism, intoxication by lead, is still one of the 
most significant occupational and environmental health problems. 
 
 
 
2.2. Lead intake and distribution 
 
The absorption of lead into the body has three main intake routes: through the skin, by inhalation 
and by ingestion. The intake of lead by dermal exposure is a much less efficient route than 
inhalation and ingestion. In exposure through the skin several layers of cells have to be crossed to 
reach the capillary vessels where the absorption of lead occurs. Consequently, this process is much 
more effective for liposoluble substances, such as organic lead compounds (tetraethyl lead and 
tetramethyl) [30]. 
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In air, metals may occur as aerosols and, in some instances, as vapour. The amount of lead inhaled 
depends on the number of breaths per minute, the volume breathed per day (an increase in 
workload will determine a greater absorption of lead) and age-related factors that determine 
breathing patterns (e.g., nose breathing vs. mouth breathing and air-stream velocity within the 
respiratory tract) [31]. After inhalation, the metal will be deposited on the walls of the airways. The 
amount deposited will depend on the particle size and solubility. Lead in submicron size particles 
can be almost completely absorbed through the respiratory tract, whereas larger particles may be 
swallowed [32]. In general, particles larger than 2 µm are trapped in the mucus of the respiratory 
system and are removed to the mouth, or through the glottis into the stomach. Smaller particles, 
less than 1 μm, are deposited in the bronchiolar and alveolar regions of the respiratory tract and 
absorbed into the systemic circulation. The very small particles, less than 0.01 μm, can penetrate 
deep into the lungs but end up being almost in its entirety, expelled by exhalation [5]. The 
absorption via respiratory system is about 10 times more efficient than the absorption in the 
gastrointestinal tract, about 50% of the inhaled lead is absorbed by blood in adults [33]. 
In contrast to the extensive studies in the lung, absorption of metal in the gastrointestinal tract is 
less well understood. In general population, the contribution of the gastrointestinal route to the total 
lead absorbed is greater than the respiratory one and is the responsible for most of children 
intoxications. 
Several factors may affect absorption and consequently the fraction of metal that is absorbed, such 
as the chemical form of the compounds ingested, the pH of the stomach, the size of the 
contaminated particles, the age (children absorbs ~40% and adults ~10%; absorption rate is also 
higher in younger animals [34-36]), the meal status (e.g. fed vs. fasted) and the simultaneous 
ingestion of nutrients that affect the solubilisation and binding of Pb (Fe and Ca deficiency may 
result in higher absorption of lead) [5, 37]. 
Once lead has been taken into the gastrointestinal tract through food or drinking water, the process 
of absorption is initiated in the stomach, where food is digested by enzymatic hydrolysis to produce 
small molecules that are easily absorbed. The digested material moves into the duodenum and 
small intestine. The materials on the surface of the gastrointestinal tract can be absorbed into the 
walls and hence the blood chain [38]. 
 
After being absorbed to the blood, lead is distributed to all the organs. Blood contains lead bound 
to erythrocytes, as a non-diffusible form, and in plasma as a diffusible form. Over 90% of total 
blood lead is bound to erythrocytes cells because of its high affinity and capacity to hold lead. 
However, it is the interstitial plasma that contains the biologically available fraction of lead and the 
main role on its distribution to the different tissues [19, 24]. The half-time of lead in blood is 
approximately 30 days [39]. Once distributed by blood, lead is accumulated in body organs and 
mainly in bones. Bone represents more than 90% of total body lead in adults, and approximately 
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70% in young children, with a half-life in the order of years to decades [40-44]. Lead competes 
with Ca for the formation of the primary crystalline matrix of bone, hydroxyapatite. The fixation of 
this heavy metal in bone is seen as a protective mechanism that limits its distribution to more 
sensitive tissues [44-46]. However, accumulation is still made in the soft tissues, though in a minor 
scale and with lead biological half-times of approximately 3-4 weeks [35, 39]. In general, among 
soft tissues, the higher percentage of lead is accumulated in kidney followed by liver and other 
organs as heart and brain [19]. However, skeleton can't be considered an inert repository for lead. 
Gradual release from the bone serves as a persistent source of toxicity even after the end of external 
exposure. This mobilization can be increased by several factors like age, sex, nutritional status and 
by some special conditions associated with bone turnover, such as pregnancy, lactation, 
menopause, osteoporosis, immobilization, and hyperthyroidism and bone fractures [47, 48]. 
Absorbed lead that is not stored in the tissues is filtered and excreted through the main excretory 
routes: kidney to urine (about 76%), and liver to bile and then to faeces (about 16%). Small 
amounts are also excreted through other minor routes of excretion, such as sweat, saliva, hair, nails 
(about 8%). Lead is also excreted in breast milk. [5, 49, 50]. 
 
There are several models of lead toxicokinetics that have been proposed to characterize parameters 
as retention of lead in various tissues and relative rates of distribution among the tissue groups. 
However, there is no consensus among researchers regarding the use of a certain metabolic model. 
The daily exposure limit for lead with no increases in the body lead load corresponds to the 
absorption of 600 µg in adults, and 300 µg in children. Below this threshold, there appears to exist 
a balance, between absorption and excretion, so that the amount of lead excreted corresponds to the 
amount absorbed [38]. 
 
 
 
2.3. Lead toxicity and intoxication 
 
Lead toxicity is mainly due to three biochemical factors. The first is lead ability to bind to 
important molecules, namely the sulfhydryl (-SH) and amide groups, common components of 
enzymes, changing their configuration and decreasing their activities. Two of the enzymes in the 
heme biosynthetic pathway that are inhibited by lead are the δ-aminolevulinic acid dehydratase 
(ALAD) and the mitochondrial enzyme ferrochelatase that catalyzes the incorporation of Fe in the 
porphyrin ring. Their inhibition will be reflected in the accumulation of intermediates of the heme 
pathway, respectively, aminolevulinic acid (ALA) and erythrocyte zinc protoporphyrin because the 
incorporation of Fe is substituted by Zn.  A t high  blood lead level, the inhibition of these enzymes  
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may reflect in a decrease in heme synthesis and consequently in hemoglobin [5, 19]. 
The second factor is lead ability to compete with essential metallic cations for binding sites 
inhibiting their action. This behaviour is particularly concerning in the case of Ca due to the 
increase of lead affinity to the bone tissue. The third factor is lead capacity to interfere with vitamin 
D metabolism, inhibiting the production of the active form of this vitamin [51]. 
 
Depending on the exposure period, lead poisoning intoxication can be described as acute (less than 
15 days), intermediate (15-364 days) and chronic (more than 365 days) [5]. 
One of the principal problems concerning lead intoxication is that the early symptoms are common 
to other diseases. This increases the difficulty of diagnose without medical testing, what suggests 
that subclinical lead toxicity can be more prevalent than is recognized. Differences in the IQ of 
children and in their behaviour [52], in hearing thresholds and in height [53, 54], fatigue, sleep 
disturbances and headaches, irritability, loss of appetite and nausea are some of the subclinical 
symptoms already detected [55]. These symptoms are only considered signs of intoxication if the 
blood test analysis, or work conditions, indicate an increased exposure to lead. 
After a long exposure time, or exposure to abnormally high lead concentrations, the symptoms 
became clinical and may cause severe impairments in hematopoietic, central nervous, reproductive, 
gastrointestinal, cardiovascular, renal and hepatic systems [36, 56, 57]. Among the clinical 
symptoms there are: acute gastrointestinal colic and abdominal pain known as saturnine colic [58]; 
peripheral neuropathy - wrist and foot drops [59]; Burton's Line - bluish line in the bottom of the 
gum resulting of lead sulphite accumulation [60]; functional and morphological renal changes [61]; 
fertility problems [62] and lead encephalopathy (delirium, seizures and even lapse into coma) [63]. 
There are also some studies that indicate appearance of malignant and benign tumours in rats and 
mice. However, there is no conclusive evidence of carcinogenic properties of lead in humans [64-
66]. 
In the following Sections it will be referred the effects of lead poisoning in all the tissues studied in 
this work as well as some particularities of lead excretion by faeces and urine. 
 
 
2.3.1. Lead in faeces 
The mechanisms for faecal excretion of absorbed lead are still not clear. However, it is believed 
that pathways of excretion may include secretion into the bile and passing directly by blood to 
intestine walls [67]. Faeces have normally the highest lead concentrations, corresponding to the 
majority of the lead that is not absorbed into the blood. It is known that, in adults more than 90% of 
the amount of lead taken into the human body will be expelled within a couple of weeks in the 
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waste [5]. The upper limit of lead concentration considered acceptable in humans is about 50 µg g-1 
in dry faeces [68]. 
 
 
2.3.2. Lead in urine 
The lead excretion in urine is mainly through glomerular filtration [69]. Due to the easy non-
invasive sample collection and to the absence of health risk, urine is one of the most convenient 
samples for human biomonitoring [70-72]. However, urine mean lead concentration measurements 
do not reflect the body lead burden. This is in part due to the wide variation in renal excretion rates, 
the large dilution effects in the bladder and the high nephrotoxic lead exposures that may induce 
potential alterations in kidney function on excretion [12, 73]. Thus, the 24 h urinary lead is an 
important aspect of monitoring recent exposure lead poisoning. Nevertheless, the urine complex 
composition, the variability of the matrix and the tendency for some constituents to precipitate out 
of solution also contribute to difficult lead analysis in this sample [12, 74]. The upper limit of 
acceptable lead concentration in human urine is 10 µg dL-1 [68]. 
 
 
2.3.3. Lead in kidneys and liver 
Among the soft tissues, liver and kidneys are the ones that show substantially higher lead 
concentrations [35, 75]. These organs, which play a vital part in the detoxification and metabolism 
of toxic substances, are under risk of damage due to the oxidative reaction of lead [76, 77]. The 
lipid peroxidation of cellular membranes has a crucial role in the mechanisms of hepato- and 
nephrotoxic action of lead, and is a consequence of accumulation of δ-aminolevulinic acid (δ-
ALA), which undergoes a process of inducing free radicals [77, 78]. The accumulation of δ-ALA is 
a reflection of the inhibition of the sulfhydryl-containing enzyme δ-aminolevulinate dehydratase 
(δ-ALAD) caused by the strong affinity of lead to the thiol groups (SH) of aminoacids [76, 79]. 
The lead intoxication in the kidneys may cause proximal tubular dysfunction or irreversible 
nephropathy depending on the exposure regimens. These facts, along with the oxidative stress, 
have been implicated as a contributing factor in lead-associated renal injury and dysfunction [76, 
77, 80]. Intranuclear inclusion bodies have been observed in kidneys at lead concentrations of 10 
µg g-1 [81, 82]. 
Liver is responsible for the detoxification and biotransformation of toxic substances, and 
morphological lesions were found in rats exposed sub chronically to low doses of lead, confirming 
the hepatoxicity of lead [83]. 
Despite the lack of information about lead dose-relationships in liver and kidneys, concentrations 
of 5-10 µg g-1 are considered to be indicative of acute intoxication in animals and humans [84]. 
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2.3.4. Lead in bones 
Due to the continuous remodelling process of bone, this tissue is considered not only as a target of 
lead contamination from the environment (referred to as external dose) but also as a source of lead 
contamination due to the mobilization of lead stores to soft tissues, resulting in toxic manifestations 
(referred to as internal dose). This fact is particularly dangerous during pregnancy because lead 
accumulated in bone is transferred to the foetus during the resorption of maternal bone for the 
production of the foetal skeleton [85, 86]. Approximately 80% of cord blood lead appears to be 
from maternal bone lead stores [87]. Once lead is slowly eliminated from bone, bone lead 
concentration may serve as a long-term exposure biomarker, and also a better predictor of some 
health effects than blood lead (approximately 30 days half life) [39]. 
The distribution of lead in bone, however, is not homogeneous and depends on the type of bone: 
trabecular (spongy) or cortical (compact). In childhood lead accumulation will occur predominantly 
in trabecular bone, and during adulthood in both cortical and trabecular bone [88]. Nevertheless, 
the cortical bone may be a better indicator of long-term cumulative exposure to lead than trabecular 
bone, once the last exchanges lead more actively with blood [39, 89]. 
Bone lead has been associated with several health problems, namely elevations in blood pressure 
and hypertension [90, 91], increased risk of Parkinson's disease [92] and poor cognitive test 
performances [93]. It is also known that bone lead accumulation may impair bone growth and 
remodelling with occurrence of decreased bone density and increased bone resorption activity [94-
96]. 
Although there is no defined limit for the lead concentration in bones and health outcomes, recent 
studies provide evidence for adverse effects of lead concentrations above 10 µg g-1 [5]. 
 
 
 
2.4. Current spectroscopic techniques for the analysis of lead in biological 
samples 
 
To overcome the insufficient knowledge about lead metabolism in the organism, studies 
concerning human biomonitoring, lead concentrations in several organs and their relation, and the 
influence of several factors, are useful tools. New insights about factors that influence the 
bioaccumulation of lead in the organism, such as age, dietary constituents, exposure regimen and 
nutrient-lead interactions, should be provided. 
 
To achieve these goals, the choice of the most appropriate spectroscopic technique and analytical 
method is an important step. Normally, the technique used depends on the volume and type of 
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sample. In some samples, such as blood or urine, direct lead determination is possible, whereas for 
others, such as soft tissues, hair and bones, a preliminary step of sample treatment may be 
necessary. Depending the amount of the samples there are also more adequate methods than others. 
Another important parameter is the detection limit, once the level of lead present in biological 
samples often varies between ppm to ppb, and sometimes the use of a more sensitive analytical 
techniques is needed [19, 32]. 
For the determination of lead total concentration, the most commonly used spectroscopic 
techniques are AAS, inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled 
plasma atomic emission spectrometry (ICP-AES, also known as ICP-OES inductively coupled 
plasma optical emission spectrometry) and X-ray Fluorescence spectrometry (XRF). 
 
Several works have been conducted using AAS and have demonstrated the suitability of this 
technique in determining the mean lead concentration of several biological samples. Multiple 
studies were made using the Flame Atomic Absorption Spectrometry (FAAS): analysis of human 
nails using them as bio-indicators of exposure to heavy elements [97]; analysis of lead content in 
hair of exposed workers [98]; development of new procedures for determination of Pb and Cd in 
hair samples [99]; improvement of a rapid method (less than 5 minutes) to determine lead in blood 
[100]; study of the age influence in teeth lead accumulation [101] and of the relation between skull 
and femur in rat bone samples, measured after microwave digestion [46]. The simplicity, 
effectiveness, and relatively low cost make this elemental technique very appealing. However, the 
sensitivity is usually insufficient for many samples, about 10-100 µg L-1 for lead. Thus, it is 
convenient to use ETAAS that has lower detection limits, about 0.05-0.5 µg L-1 for lead and allows 
lead determination in samples of small portions (20 µL) [102].  
There are several studies measuring lead in blood using ETAAS [103-105]. Actually, it is the most 
used technique in the diagnosis of workers lead poisoning. Studies made in urine range from the 
development of a fast analytical method to determine lead in this sample [106], the participation in 
an interlaboratory study to determine urine lead concentration [12], and to the direct measurement 
of these samples with no digestion procedure [107]. Lead concentration study in the hair of young 
children has also been conducted using ETAAS [108, 109], as well as in other routes of excretion 
of humans and animals (nails, urine, hair, faeces) [110-112]. This technique has also been used for 
the analysis of soft tissues and bones, namely in the determination of cadmium and lead in several 
porcine [113], in kidney and liver of silver foxes to observe the content of lead, cadmium and 
mercury in relation to age and reproduction disorders [114], in several soft tissues and bones of rats 
that were ashed in order to measure the increase of lead retention in rats when exposed to lead in 
early stages of life [47], and in different types of bone of non-exposed workers concerning their 
sex, age and living area (urban or rural) [115]. 
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The use of ICP-MS in the biological field studies, namely in trace analysis, is very popular due to 
the excellent detection limits (ng L-1) and its ability to analyze multiple metals and performing 
isotopic measurements. However, its applications may be more sparse than AAS because of the 
high cost of the instrumentation [5, 102]. The ICP-MS has been applied in the study total lead and 
cadmium mean concentration and lead isotope ratios in whole blood [116-118]. It was also used in 
the measurement of Cd, Cu, Mn, Ni, Pb and Zn in nails [111] and in the study of nails as a 
biomarker of metal exposure [119]. Other studies relate the use of this technique in hair lead 
determination and hair suitability as a tool for biomonitoring [120], as well as the relationship 
between continuous lead exposure and the concentration of this metal in rat fur [121]. Several urine 
lead concentration measurements have also been made using this technique [12, 122, 123]. It was 
also used in archaeological bones analysis with the aim to use trace elements as indicators of 
dietary habits, nutrition and disease [124] and in multi-elemental characterization of soft biological 
tissues [125]. 
 
With a sensitivity lower than ICP-MS, but higher than FAAS, the ICP-AES is also a powerful tool 
for lead analysis. It is normally used for multi-elemental measurements, being very economical for 
a large quantity of samples. A major study made by Hee and Boyle [126] showed the suitability of 
this technique in multi-elemental analysis of a large amount of samples: leaded paint, human blood 
and excretions and Sprague Dawley rat soft tissues and excretions. The ICP-AES as also been used 
to analyze hair for lead in children of two Sardian towns [127] and in the study of the relation with 
cognitive functioning tests [128]. Hair, nails and teeth Pb and Cd concentrations in environmentally 
exposed people were also conducted by ICP-AES [129]. The concentration of lead in blood, as also 
been determined as a part of an environmental impact study about a lead smelter in Sweden [130]. 
Analysis of 14 elements in Taiwanese bones was also successfully achieved with the use of this 
technique [131]. 
 
The XRF has also given great contribution to the analysis of lead in biological samples with 
minimal sample pre-treatment. With detection limits in the order of µg g-1,the EDXRF has been 
applied to study trace elements in liver, brain and kidneys of patients with cirrhosis [132], and other 
human tissues as blood, bone, hair, liver and kidney [133-135]. Once this technique is non 
destructive, it is widely used in vivo studies to analyse the distribution of lead in bone [136-138] 
and even it relation to Parkinson disease [92]. With lower detection limits, in the order of ng g
-1
, the 
TXRF has also been largely used in the study of lead in biological samples. Elemental constitution 
of cancerous tissues, namely colon, breast, uterus [139], lung, prostate and intestinal tissue, rectum 
and stomach [140], and also the analysis of human soft tissues for cancer recognition [141] have 
been performed giving importance to lead. Other studies also have been reported among which 
measurements made in freshwater microcrustaceans, using a portable TXRF spectrometer [142] 
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and in human amniotic fluid and placenta in order to study child weight and maternal age 
dependence [143]. 
Synchrotron radiation X-ray Fluorescence (SRXRF), with detection limits between EDXRF and 
TXRF ones, was used to determine multi-element concentration of lead and several elements in of 
the small mammals diet and tissues [144], in humans placenta, blood and hair, and animal hair, 
gallstones and muscular tissues [145, 146]. 
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3.1. X-ray production 
 
X-rays are electromagnetic radiation, with wavelengths between gamma rays and ultraviolet 
radiation, ranging from 0.01 nm to 10
 
nm (approximately from 120 keV to 0.12 keV) [17]. They 
were discovered by Wilhelm Conrad Röntgen in 1985 at the University of Würzburg. Röntgen 
observed that the radiation from the discharge tubes caused a fluorescent effect on a small 
cardboard screen painted with barium salts, even when the tube was covered with a black paper. 
This type of radiation was called X-rays, once it presented characteristics different from any known 
type [147]. 
 
X-ray analysis is based on the fact that all the elements emit characteristic radiation when 
submitted to an excitation source. For analytical purposes, X-rays are produced by two 
mechanisms: i) deceleration of high-energy charged particles (electrons, protons alpha particles and 
ions) or ii) by electronic transitions of electrons in the inner orbital of atoms caused by the 
interaction of high-energy particles or photons. There is also a third process, which will not be 
discussed in is work, resulting from the decay process of radioactive sources that emit in the X-ray 
energy range. 
The first mechanism results in the emission of a broad wavelength band called the white radiation 
or Bremsstrahlung. It is produced due to the deceleration of the high energy particles, losing energy 
and resulting in a continuous spectrum of radiation [102]. For example, Figure 2 illustrates the 
emission of Bremsstrahlung radiation due to deceleration of a particle close to the atomic nucleus. 
 
 
 
 
Figure 2: Deceleration of high energy particle illustration with emission of a photon (green). 
 
 
The second mechanism occurs when the interaction between an incident particle, or photon, and a 
bound electron (inner shell electron,   or  , see Annex 1 and 2) results in the ionization of the 
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atom, creating a vacancy in one of the fully occupied inner shells. Then an electron from an outer 
shell fill the vacancy causing the emission of a X-ray photon (c.f. Figure 3) or of another electron, 
called Auger electron. The emitted X-ray photon has a well-defined energy, which is equal to the 
difference between the binding energies of the two shells [148]. 
 
 
 
 
 
Figure 3: Characteristic X-ray emission illustration. 1) incident electron; 2) inner shell electron ejection; 3) 
outer to inner shell electron transition with characteristic X-ray emission (green). 
 
 
The decay through the Auger channel competes with the emission of a characteristic X ray photon 
and occurs predominantly in elements of light atomic number (Z < 40). For elements of higher 
atomic number, the emission of characteristic X-ray is the more probable phenomenon [148]. 
 
 
 
3.2. X-ray interaction with matter 
 
The interaction of electromagnetic radiation with matter depends on the energy of the photons and 
on the atoms that compose the medium. For energies less than 1 MeV the main interactions of a X-
rays beam with matter are photoelectric absorption and scattering. 
 
The photoelectric effect, mentioned in Section 3.1., happens when a photon with energy equal or 
greater than the binding energy of the electron interacts with a bound electron. The incident photon 
is absorbed and an electron (photo-electron) is ejected with an energy equal to the difference 
between the original photon energy and the binding energy [17]. The probability of this process to 
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occur is maximum for photon energies in the order of the binding electron energy [148], and its 
probability depends on Z4 for low energy photons and Z5 to high energy photons [17]. 
When a X-ray photon interacts with a substance it is scattered by its nucleus and/or electrons. Two 
different types of scattering can occur: elastic coherent scattering and inelastic incoherent 
scattering. 
The first, also known as Rayleigh scattering, results in a scattered photon with the same energy as 
the incoming photon (apart from the small loss of energy due to the nucleus recoil). It takes place 
between photons and bound electrons and the atom remains in its ground state.  
Rayleigh scattering occurs mostly at low energies and for high Z materials, being the probability of 
this process function of Z2 [17, 149]. 
The inelastic incoherent scattering, also known as Compton scattering, results in a decrease in 
energy of the incoming photon. Part of the energy of the photon is transferred to a scattering 
electron. The Compton scattering cross-section increases with the energy of the incident photons, 
the scattered angle, and with the decrease of the atomic number. The probability of this phenomena 
to occur is a function of Z [17]. 
The scattering processes don't contribute to the identification of the sample made by the emission 
of characteristic radiation after the photoelectric effect. However, these processes are responsible 
for increasing background in the detector. 
 
Both the photoelectric effect and the scattering interactions (Rayleigh and Compton), contribute to 
the X-ray radiation attenuation. The intensity of an X-ray beam passing through a layer is reduced 
according to the well-known law of Lambert–Beer (that will be described in detail in section 3.1). 
This reduction depends on the mass attenuation coefficient,    (cm
2 g-1), which consists of the 
various interactions that contribute to the attenuation of the beam. 
 
In the X-ray radiation energy range, the photoelectric absorption coefficient is much higher than 
the sum of two diffusion coefficients (Compton and Rayleigh) and usually represents about 95% of 
the mass attenuation coefficient [148] (c.f. Figure 4). 
Abrupt discontinuities in the photoelectric mass absorption coefficient (absorption edges) occur 
where the energy of the photons became higher than the binding energy of a particular shell [17] 
(c.f. Figure 4). 
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Figure 4: Variation of Pb mass attenuation cross section for several effects with the energy of the incident 
photon [150]. 
 
 
3.2.1. Reflection and Refraction 
The refractive index of a substance is a measure of the speed of light in that substance and is 
defined by 
   
 
  
   
    (III.1) 
where    is the refractive index of a specific medium  ,    (m/s) is the velocity of the radiation in 
the medium  , and   (m/s) is the velocity of the radiation in vacuum [151]. 
When radiation passes from a medium to another of differing physical density, i.e. different 
refractive indices, two things may occur (c.f. Figure 5). An incident ray interacting with the 
interface at an angle,   , between a line perpendicular to the interface and the propagation direction 
of the incident ray, will be reflected off the interface at the same angle   
 . In other words the angle 
of reflection is equal to the angle of incidence. If the radiation enters the substance it is observed an 
abrupt change in direction of the beam, at an angle   , as a consequence of differences in the 
velocity of the radiation in the two media. This is called refraction and is given by the Snell's law 
[151] 
                  
     (III.2) 
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Figure 5: Reflection and refraction of an incident beam. 
 
 
Once X-rays are electromagnetic waves of very short wavelength the refractive index for all 
materials is smaller than unity by only a small decrement, and can be written as a complex quantity 
 
           
     (III.3) 
where     represents the real part of the refractive index, and the imaginary component   is the 
absorption index, a measure of the attenuation [8]. The variation of   (called the decrement) with 
the X-ray energy, for energies above the absorption edge of the material, is given by 
 
  
  
  
   
 
 
     
     (III.4) 
where    is the Avogadro's number (6.022×10
23 atoms mol-1),    the classical electron radius 
(2.818×10-13 cm),   the density of the element (in g cm-3),  and   the atomic and mass numbers of 
the element, and   the wavelength of the incident beam (in cm) [8]. 
The component   is given by 
  
  
  
   
     (III.5) 
where   is the linear absorption coefficient (in cm-1) [8]. 
These quantities are strongly dependent on the wavelength of the X-ray radiation and the material 
where refraction is occurring. An increase in the wavelength means a decrease in penetration and a 
strong absorption of radiation. Values of   remain very small throughout the X-ray regions, being 
  Chapter III - X-ray Spectrometry 
 
22 
 
generally in the order of 10-6, with the consequence that radiation is weakly refracted by any 
material. 
As seen in Equation (III.3), for X-ray radiation any medium is optically less dense than vacuum 
and air, so the refracted beam will be deflected toward the boundary plane. If the angle of 
refraction,   , is 90º, the refracted beam will emerge tangentially to the boundary surface. The 
angle of incidence is then called critical,   , and, according to Equation (III.2), is given by 
 
             
     (III.6) 
If the angle of incidence is greater than this critical angle, all the radiation is reflected back into the 
first medium, and total refection occurs. Since δ is very small,    is very close to 90°. The angle of 
incidence is customarily measured from the tangent to the surface rather than from the normal, and 
the angle          is termed the glancing angle of incidence. Thus, using basic trigonometry, 
the prior Equation can be written as 
            
      (III.7) 
Once the glancing angle is small, its cosine can be approximated by 
 
         
  
 
 
   
    (III.8) 
Equation (III.8) together with Equation (III.7) and (III.4), leads to the simple relation 
 
        
    
 
 
  
 
    
      (III.9) 
where   stands for the energy of the incident beam and has to be given in keV [8]. 
 
For angles lower than the glancing angle total reflection occurs. These angles are typically in the 
range of 0.1º-1º. For example, for quartz glass the critical angle for an incident energy of 17.44 keV 
(Mo   ) is 5.9 minutes, i.e. ~ 0.098º [17]. 
There are two important quantities that characterize total reflection: the reflectivity, which is 
defined by the intensity ratio of the reflected and the incident beam, and is increased to 100% 
below the critical angle; and the penetration depth, defined as the depth of a homogeneous medium 
that a beam can penetrate while its intensity is reduced to 37% of its initial value, which is reduced 
to a few nanometres when total reflection occurs. Both these parameters depend on the energy of 
the primary beam, the angle of incidence and the material being irradiated. For quartz glass, at an 
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incident energy of 17.44 keV (Mo   ) and at the critical angle, the reflectivity is 93.4% and the 
penetration depth is 83 nm [8]. 
 
 
 
3.3. X-ray Spectrometry Techniques 
 
To produce a characteristic X-ray spectrum, which allows us to identify the various elements of the 
sample, it is necessary to have an excitation source. The most used source in X-ray spectrometry is 
electromagnetic radiation, which may come from synchrotron facilities, radioactive sources or X-
ray tubes and it is known as XRF spectrometry [151]. This is the main analytical technique used in 
this work and will be discussed in detail. 
Another method used in X-ray spectrometry to produce the characteristic spectra of the samples is 
with a beam of ions (charged particles) as excitation source, usually a beam of protons, i.e. Proton 
Induced X-ray Emission (PIXE) spectrometry [152]. 
The other technique rely on the use of an electron beam to create vacancies in the internal atomic 
layers, such as, for example, the electron microprobe [148]. 
 
 
3.3.1. X-ray Fluorescence 
The X-ray fluorescence typically uses a polychromatic beam to excite the characteristic lines (see 
Annex 2) of the sample to be analyzed. This technique allows multi-elemental analysis promoting 
qualitative and quantitative information about the sample, straightforward sample preparation, high 
throughput and low cost per determination [102]. 
Modern X-ray spectrometers are wavelength or energy dispersive. The wavelength dispersive 
spectrometers use the diffracting power of a single crystal, placed after the sample, to isolate a 
narrow wavelength band of the excited sample radiation. With this setup it is not possible to 
measure more than one element at once. The energy dispersive spectrometers use a high resolution 
Si(Li) detector connected to a multichannel analyser, allowing to detect a very wide range of 
energies simultaneously. Once the system used in this work is an energy dispersive X-ray 
spectrometer only this case will be referred in detail [151]. 
 
3.3.1.1. Energy Dispersive X-ray Fluorescence 
The conventional energy dispersive spectrometer consists on the excitation source, the sample 
holder and the detection system. In these spectrometers the resolution equates directly from the 
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resolution of the detector, typically a semiconductor detector of high intrinsic resolution, such as Si 
(Li) devices [102]. The most used excitation source is a X-ray tube, which will be discussed in 
detail. Using this configuration, all X-rays emitted by the sample are simultaneously detected and 
measured, giving great speed in the acquisition and display of data, unlike wavelength dispersive 
systems. 
There are two main modes of operation: the primary mode of operation and secondary mode, used 
in this work. In the primary mode the source directly excites the sample, contributing to a high 
photon flux and a more complex and confusing X-ray spectrum. In the secondary mode, a carefully 
selected pure element target is interposed between the primary source and the sample in such a way 
that only a selectable energy range of secondary photons enters the detector. While this 
configuration does not completely eliminate the count rate and resolution limitations of the primary 
system it certainly does reduce them. However, due to the lower photon flux, the exposition time 
must be higher than in EDXRF operating in primary mode [149]. 
 
3.3.1.1.1. The X-ray Tube 
The radiation obtained directly from the anode of an X-ray tube is nowadays the most often used 
excitation source in XRF. Electrons are emitted by a heated cathode (usually an incandescent 
filament), accelerated by a high voltage and focused in a water cooled metal target (anode). The 
electrons reach the anode with the kinetic energy corresponding to the voltage difference between 
anode and cathode. The resulting X-rays are emitted passing through a Be or glass window [148]. 
 
The typical spectrum resulting from the X-ray tube is formed by the characteristics lines of the tube 
anode element, resulting from its direct ionization, and by the continuous white radiation (c.f. 
Figure 6).  
The characteristic spectrum is only observed if the applied voltage is higher than the critical 
voltage (  , corresponding to the binding energy of the electrons of the anode). The intensity of the 
characteristic lines (  ) is proportional to the tube current and is a nonlinear function of the applied 
voltage ( ) 
             
    
  (III.10) 
where   is a constant,    is the current through the tube and   a constant that depends on the 
emission line (1.5 ≤   ≤ 2) [148]. 
The continuous radiation can vary from zero up to the kinetic energy of the electrons striking the 
target. The short wavelength limit (    ) is given by the kinetic energy of the electrons. Thus, the 
shape of the continuum spectra only depends on the energy of the accelerated electrons and not on 
the nature of the target (c.f. Figure 6). If the temperature of the filament varies, keeping the voltage 
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constant, the beam intensity will increase as more electrons are produced by thermionic effect. The 
     however, remains the same for different temperatures as the voltage does not vary. The total 
intensity of the continuum spectrum (   ) increases with the atomic number of the anode, as well as 
the applied voltage 
          
    (III.11) 
where   is a constant that includes the current [148]. 
It is also known that the energy correspondent to the maximum intensity of the spectrum is given 
by 2/3 of the energy correspondent to the      [153]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Mo anode X-ray tube spectrum as a function of the applied voltage at a constant filament 
temperature (adapted from [154]). 
 
3.3.1.1.2. The secondary target method and tri-axial geometry 
In 1973 Porter [155] described for the first time a method of quasi-monochromatic excitation 
obtained when positioning a thick target, called secondary target, between the X-ray source and the 
sample. 
In this excitation method, the primary beam produced by the X-ray tube interacts with a secondary 
target to produce a secondary beam that contains the scattered Bremsstrahlung radiation from the 
X-ray tube as well as the characteristic lines of the secondary target. This secondary beam will 
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excite the sample, however, with a significant decrease in the intensity of the radiation due to the 
interaction with the secondary target. This is the main reason why in these systems a high voltage 
tube is normally required. 
The X-ray tube produces continuous radiation that can excite efficiently different secondary target 
materials. This enhances the possibility of selecting several secondary targets, with different 
characteristic lines, to choose along a wide range of X-ray energies to excite the sample [17]. 
The combination anode - secondary target is very important and should be determined by the 
compromise between the energy of the X-rays emitted from the anode and the energy needed to 
ionize   shells electrons of the secondary target. The ionization cross section for an atomic level is 
greatest when the exciting X-ray energy, corresponding to the maximum intensity, is close to the 
binding energy of the electron in that level [148]. While this configuration does not completely 
eliminate the count rate and sensitivity limitations of the primary systems it certainly does reduce 
them. 
 
The employment of filters is also used to reduce the signal-to-noise ratios. Filters placed in the path 
between the X-ray tube and the secondary target, depending on the thickness and composition of 
the filter, can stop radiation below a certain energy and selectively filter part of the tube spectrum. 
However, a compromise has to be reached as the increase of the filter thickness also decreases the 
intensity of the spectrum [17].  
 
However, even with the use of filters and secondary targets, some of the Bremsstrahlung photons 
scattered out from the secondary target are scattered a second time by the sample into the detector, 
increasing the background and decreasing the sensitivity of the spectrometer. To reduce this 
contribution to the background radiation a tri-axial system is used. 
 
It was demonstrated by Barkla that X-ray radiation could be polarized by scattering [156, 157]. For 
an unpolarized primary beam, scattering at an angle of π/2 results in a nearly complete plane 
polarization of the scattered X-rays [18, 158]. By using collimators to define the three orthogonal 
beams, Barkla demonstrated that signal-to-noise ratios were improved. 
According to Barkla's experiment [159], when a a source of X-ray radiation is incident on the 
secondary target, the Bremsstrahlung component with the direction of radiation propagation, can be 
eliminated when the beam is scattered at an angle of exactly π/2 (c.f. Figure 7). Scattering this 
radiation from the secondary target by the sample to the detector (also through π/2 relative to the 
first scatter plane) will annihilate the remaining radiation. Thus, almost none Bremsstrahlung 
radiation from the tube would interact with the detector, what improves the signal-to-noise ratio 
[18]. 
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Figure 7: EDXRF with triaxial geometry, elimination of the Bremsstrahlung radiation from the X-ray tube 
due to the 90º arrangement. 
 
 
However, to achieve these exact angles, the beams must be highly collimated, approaching zero 
divergence. In this situation the beam intensity would undesirably approach zero, thus a 
compromise has to be done between the collimator apertures and the analyte intensities. The 
extending of the apertures involves a decrease in the degree of polarization, which is compensated 
by the increase in X-ray flux. 
This geometry also causes low energy background because Compton scattered radiation has a 
minimum of intensity to a diffusion angle of π/2, which decreases the intensity of the secondary 
radiation that arrives to the detector [18, 160]. 
The use of collimators, despite reducing the intensity of the beam, allows the collimation of the 
beam to the central active region of the detector, reducing some phenomena such as incomplete 
charge collection and the escape peaks (described in Section 3.3.1.1.3.) resulting from the 
excitation of the detector material. The collimator must be made from a material that absorb 
radiation in the range of low energies and, if excited, should have an X-ray spectrum of simple 
identification. 
The Figure 8 compares the spectra of an EDXRF spectrometer working on the primary and on the 
secondary mode, with and without triaxial geometry. 
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Figure 8: EDXRF spectrum measured in primary mode; in secondary mode with no triaxial geometry and a 
Y secondary target, and with triaxial geometry and boron carbide as secondary target [17]. 
 
3.3.1.1.3. The detection system 
Energy dispersive X-ray detectors are high efficiency detectors that enable simultaneous multi-
elemental analysis and operate under the basic principle of photoionization. 
 
Besides the energy range in which the detector can work properly, there are other characteristics 
that define a good detector: proportionality, the voltage pulse must be proportional to the energy of 
the respective incoming photon; linearity, the incoming photons and the output pulses must be in 
the same counting rate; energy resolution that describes the dispersion of the voltage pulse 
produced by the detector around its average value; and the detection efficiency, given by the ratio 
between the number of pulses recorded and the number of radiation quanta emitted by the source 
(absolute efficiency), or the number of pulses recorded and the number of quanta incident on the 
detector (intrinsic efficiency) [102, 161]. The last feature is related to the thickness and material of 
the detector window, which determines the efficiency in the low energy region, and also with 
thickness of the detector crystal that determines the efficiency in the high energy region. 
Resolution is also very important especially when choosing a detector an experimental assembly 
once high resolution enables the spectrometer to separate two X-ray lines that are close to each 
other. The resolution of the detector is determined by the full width at half maximum (FWHM), 
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defined as the width of the distribution at a level which is just half the maximum ordinate of the 
peak (maximum number of counts). The energy difference correspondent to the FWHM is the 
detector absolute resolution. It is usually measured at the    line of Fe or Mn [161]. 
 
The X-ray detectors most used in EDXRF systems are the Si(Li), the Ge(Li),the high purity 
germanium (HPGe), and the most recent and fastest growing detector technology, the Peltier 
cooled silicon drift detector (SDD). 
All these detectors have adequate energy resolution to resolve the lines from adjacent elements 
with atomic numbers greater than 10. In the Si(Li) and SDD detector the applicable energy range is 
from about 1 to 50 keV, while the Ge(Li) and HPGe detector are better suited from about 6 to 200 
keV range due to its higher atomic number [158, 161]. Concerning resolution, the worse detectors 
are the Ge(Li) (about 450 eV @ 14 keV) and the HPGe (about 180 eV @ 5.9 eV and 400-500 eV 
@122 keV), followed by the Si(Li) (about 145 eV @ 5.9 keV), and finally the SDD (that can reach 
values of 127 eV @ 5.9 keV) [7, 161, 162]. This new detector with amazing resolution is also very 
used due to its high counting rate and consequently high throughput [163]. However, the most used 
semiconductor detector in EDXRF spectrometers remains being the Si(Li) and it is the one used in 
this work. 
 
The Si (Li) detector consists of a small cylinder of p-type silicon compensated by Li to increase its 
electrical sensitivity. Because Li has a high electropositivity, its presence converts the p-type 
region into a n-type region. A DC voltage, forward biased, applied across the crystal causes the 
withdrawal of electrons from the Li layer and holes from the p-type layer. When reverse biased, a 
current across the pn junction causes migration of Li ions into the p layer, electrons into the n layer, 
and the formation of an intrinsic layer, originating a p-i-n type diode detector. This area is called 
the depletion area [102, 151, 161]. To inhibit the mobility of the lithium ions and to minimize the 
electronic noise, the diode and its preamplifier are operated at the liquid nitrogen boiling 
temperature (77 K). 
Incident X-ray photons interact in the deplection area to produce a specific number of electron-hole 
pairs. The number of electron-hole pairs created, or in other words, the total electric charge 
released is proportional to the energy of the detected photon. The charge produced is swept from 
the diode by the bias voltage to a charge-sensitive preamplifier. The preamplifier is responsible for 
collecting this charge on a feedback capacitor to produce an output pulse whose voltage amplitude 
is proportional to the original X-ray photon energy. After this, the signal undergoes the pulse 
processor where it is shaped and the energy of the incoming X-ray accurately measured [102, 158]. 
Finally, a multichannel analyzer, converts the analog voltage to a digital number, and each time a 
pulse is produced, a number is generated that represents the channel to be incremented by one, each 
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channel corresponds to a small range of energy of the incident photon. Thus, the energy spectrum is 
accumulated [164]. 
 
From the several artifacts that may possible be generated during the detecting process, it is 
important to emphasize the ones that more frequently occur: sum peaks, escape peaks and 
incomplete charge collection. These processes can give rise to a degraded signal from the detector, 
which can increase the background level in the spectrum. 
Sum peaks occur when two X-ray photons impact the detector almost simultaneously and the pulse 
created and measured is the sum of the two photon energies. This process occurs when the count 
rates are moderate to high. 
The escape peaks in a Si(Li) detector are 1.74 keV (Si-Kα) lower in energy than the incident X-ray 
photons, and they occur when the characteristic X-ray photon from Si escapes from the detector, 
not being collected. 
Incomplete charge collection occurs when all the electron-hole pairs generated by an X-ray are not 
swept to the electrical contacts, resulting in a charge signal measured lower than expected, and, 
consequently, in a energy measurement lower than the energy of the incident X-ray (detected peaks 
with low energy tail) [161]. 
 
 
3.3.1.1.4. Data Analysis: X-ray spectra 
A typical X-ray spectrum obtained with an EDXRF spectrometer can be divided into three sections, 
as can be seen in Figure 9. 
 
The high energy region consists of the elastically and inelastically scattered peaks of the excitation 
radiation, which corresponds to about 90% of the total number of counts. The higher intensity of 
the Compton in comparison with the Rayleigh peak is because this sample is majority consisted of 
light elements, namely C, H and O. 
The lower energy region is mainly due to the escape effects inside the detector and to a high 
contribution of the electronic noise of the detector. 
The intermediate energy region is composed by the characteristic   and   lines of the sample and 
the background. The identification of the different elements of the sample by their characteristic 
lines consists in the qualitative analysis of the spectrum. 
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Figure 9: Spectrum from a liver sample of a Pb contaminated Wistar rat obtained by a tri-axial EDXRF 
spectrometer with a Mo secondary target (Centro de Física Atómica FCUL/UL). 
 
3.3.1.1.5. Quantitative Calculations 
Quantitative analysis is used to obtain information about the relative amount of elements present in 
the sample in terms of their concentration (e.g. µg of analyte per g of sample). 
 
Each of the methods used to obtain quantification has its advantages and disadvantages, and the 
choice between them relies mainly in the particular application. If the objective of the quantitative 
analysis is the determination of a single or several elements in an unknown but constant matrix or 
in a sample with negligible matrix effects, comparative methods, such as standard addition and 
internal standard, are used. If the matrix effects are variable from one sample to another and multi-
elements determination is required, the use of the so called "mathematical methods" is mandatory. 
Included in this category are the influence coefficient correction method and the fundamental 
parameter method. The first tend to be used in combination with more standards than the 
fundamental parameter methods [17, 102]. In this work it was used the fundamental parameters 
method that will be described next. 
 
The first step to perform quantitative X-ray fluorescence analysis from a multi-elemental sample is 
an accurate and reliable deconvolution procedure of the spectral data, in order to determine the 
intensity of each characteristic X-ray radiation emitted by the elements present in the sample. This 
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requires knowing the total number of counts obtained by integrating the area corresponding to each 
peak, after subtracting the background. 
The characteristic X-ray lines are defined by a Lorentzian distribution [149]. Peak profiles 
observed with a semiconductor detector are the convolution of the Lorentz distribution with the 
nearly Gaussian detector response function originating a Voight profile [165]. However, since the 
Lorentz width is of the order of 10 eV for elements with atomic number below 50, while the width 
of the detector response function is in the order of 160 eV, a Gaussian function is an sufficient first 
order approximation. When observing the peak in more detail there is some distinct tailing in the 
low energy side. This is mainly due to incomplete charge collection in the detector. This distortion 
as been studied theoretically and various functions have been proposed to model the real peak 
shape more accurately, being the exponential function one of the most used. 
To model the background shape, several different fitting procedures are available and can be 
chosen according to the type of spectrum. In X-ray fluorescence, the background is mainly due to 
the coherent and incoherent scattering of the excitation radiation by the sample. The shape can be 
very complex once it depends both on the excitation spectrum and on the sample composition. 
Attempts were made to describe empirically the background however no realistic physical model 
for the background is in use and the analyst chooses the best function that improves the least-square 
fitting procedure. 
The difference between the mathematical function and the spectrum itself is given by the parameter 
   [166]. If this parameter is too high (above 10) is probably because there was some element that 
was not properly identified, or the choice of the function that fits the background was not the best 
[167]. 
 
Once knowing the peak intensity, the fundamental parameter method can be applied. This method 
consists on assuming an approximate composition of the unknown specimen, calculating the 
fluorescence intensities from fundamental equations [17], and comparing with the measured 
intensities that are related to the element concentration. This method is based on the following 
assumptions: i) all elements are equally distributed in the sample; ii) the intensity of the 
fluorescence X-ray radiation is proportional to the concentration of the measured element; iii) the 
effects of other elements present in the sample (called matrix effects) can be calculated using 
known physical parameters (mass attenuation coefficient, absorption cross sections, etc) and iv) 
measured intensity is dependent on the experimental configuration and measurement conditions 
[17, 148, 168]. 
The intensity     of a characteristic peak of an element i is the result of primary fluorescence and 
inter-elemental effects. Primary fluorescence results from the direct effect of the incident beam or 
primary radiation on the element considered. Inter-elemental effects are related with secondary 
radiation produced by other elements in the sample. As characteristic radiation is emitted from the 
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specimen, it is absorbed by all matrix elements by amounts relative to their mass attenuation 
coefficients. Depending on the energy of the primary beam and on the elements present in the 
sample, this radiation can produce additional fluorescence in the element, which gives an increased 
or enhanced signal from the analyte [102, 148]. 
The relationship between intensity and concentrations, resulting from primary and secondary 
fluorescence, can be given by 
                 
(III.12) 
where 0I  is the total primary intensity (incident beam), iK
 
is the calibration factor, ic  is the 
concentration of the element i , m  is the sample thickness (g cm
-2) and iC  the self attenuation 
factor [167]. This last factor is the correction factor for attenuation of primary incoming radiation 
and outgoing characteristic radiation, and is given by 
 
   
      
  
   
(III.13) 
where    is equal to 
       
        
     
 
        
     
  
 
 
(III.14) 
and 
       
 
 
 
(III.15) 
In Equation (III.14)  jm E ,1  corresponds to the mass attenuation coefficient for element j at the 
incident X-ray energy (cm2 g-1);  jim E ,  stands for the mass attenuation coefficient for element j 
at the characteristic X-ray energy for element i (cm2 g-1), and   and    are the angles for incoming 
and emitted radiation from sample [168]. 
Because of the attenuation on the detector, the low energy X-ray radiation cannot be detected, and 
the light elements cannot be determined. In a biological sample, however, these elements constitute 
the major part of the matrix and will therefore dominate the attenuation coefficient in the    factor. 
Concerning the calibration factor, it given by 
 
                   
(III.16)
 
  Chapter III - X-ray Spectrometry 
 
34 
 
where     is the ionization cross section of an element i;    is the fluorescent yield for element i; 
     the transition probability from level n to m, in element i;     the absorption in air and 
detector window for element i;    the detector efficiency for element i; and   the detector solid 
angle [168]. 
The success of the fundamental parameters method is directly related to the completeness of the 
characteristic X-radiation model and the correctness of the calculation algorithm. The major errors 
in the the application of the method accrue because of current uncertainties in certain fundamental 
data, such as mass absorption coefficients and fluorescence yields. 
 
3.3.1.1.6. Analytical Figures of Merit 
To assess the accuracy and to enhance the calculation procedure, reference materials are measured. 
For calibration it is important to use reference materials with the same matrix of the studied 
sample. To proceed with the measurements, the measured value must be within the reference 
material's range. 
To check the method precision, each sample should be measured at least 10 times to take into 
account the oscillations and statistical fluctuations of the measurements. Values of precision below 
10% are accepted, and sometimes, if the sample matrix is too complex, these values can go up to 
15%. 
The detection limits achievable for individual elements are a significant criterion of the usefulness 
of an analytical technique. It represents the lowest statistically significant concentration level that 
can be determined from an analytical blank. 
To determine the concentration of a certain element the intensity of the characteristic peak must to 
be known. This intensity is calculated using the average number of total accumulated counts NT of 
X-ray photons corresponding to a certain region of interest (ROI). Assuming a Poisson distribution, 
it has the following standard deviation,    
 
         
(III.17) 
On the other hand, since the total counts are the sum of the counts referring to the element peak, 
NP, and to the background, NB, it may be written 
 
              
(III.18) 
where    is the standard deviation of the element peak counts and    is the standard deviation of 
the background. 
For a sufficient large number of occurrences (>10) the Gaussian distribution is a good 
approximation to the Poisson distribution [166]. To be significantly different from the background, 
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the signal NP must be distinguished from the spread in NB. Thus, according to the properties of the 
Gaussian distribution, there are 99.7% probability of this happens if [17] 
 
            
(III.19) 
Subtracting the NB to the Equation (III.19), the detection limit (DL) is given by 
 
     
   
   
   
    
  
   
 (III.20) 
where     is the characteristic peak intensity and ci is the concentration of the known element i 
[169]. 
 
The detection limit depends inversely on the counting time (higher count rates) and directly on the 
intensity on the background radiation. 
The detection limit is determined using standard reference materials with known concentrations of 
the analyte in study. 
 
3.3.1.2. Total Reflection X-ray Fluorescence 
The TXRF is a variant of EDXRF. The description of an experimental TXRF setup was first 
published by Yoneda and Horiuchi [170] in 1971, and it was further enhanced by Aiginger and 
Wobrauschek [171] since 1974. 
 
The principle of the technique lies in the incidence of a well-collimated beam from an X-ray tube 
on the sample carrier optically flat surface at a glancing angle less than, or near to, the critical 
angle. 
 Ideally, the radiation falling onto the specimen should be monochromatic or it will not be totally 
reflected, penetrating deeply into the carrier and contributing to scatter and spectral background. 
Thus, the high energy Bremsstrahlung part must be removed from the radiation deriving out of the 
X-ray tube. This is solved by using of beam-adapting devices such as a reflecting mirror or 
multilayer (to either filter or even monochromatize the beam) and slits or diaphragms/edges (to 
collimate the beam) [172] (c.f. Figure 10). 
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Figure 10: TXRF schematics (by kind permission of Institute for Analytical Sciences, ISAS, Dortmund). 
 
 
Once scattered, the monochromatic radiation reaches the sample, placed on the carrier, at a very 
low glancing angle of a few seconds of arc. The sample placed on a carrier is then excited to 
fluorescence. The sample carrier has to serve not only as a sample support but also as a totally 
reflecting mirror. Thus, it has to have the following characteristics: roughness should be less than 5 
nm within the area of 1 mm2 and waviness less than 0.001º within the area of about 1 cm2, it should 
be resistant to aggressive chemicals and mechanical stresses, it should be highly reflective under 
operation conditions, free of impurities and fluorescence lines over the energy of interest. The most 
common materials used are are quartz, silicon, germanium glassy carbon and Perspex acrylic 
plastic [8, 162]. 
The emitted X-ray radiation is detected by a semiconductor detector, usually an Si(Li), placed close 
to (~ 5 mm) and directly above the sample and obtained signal is further processed as in EDXRF. 
The position of the detector maximizes the intensity of the radiation detected. It is placed very 
close to the sample what enlarges the solid angle and minimize the radiation absorbed in air. The 
angle between the detector and the glancing angles is approximately 90º what results in a minimum 
in the Compton scattering of the incident photons. 
 
Because the primary radiation enters the sample at an angle barely less than the critical angle for 
total reflection, total reflection occurs and only a small part of the impinging energy penetrates into 
the substrate, thus the scattering and fluorescence from the substance are minimal. Consequently, 
the background under the peaks in the fluorescence spectrum is substantially reduced and detection 
limits are improved. Because the background is so low, pg amounts can be measured in samples 
with favourable matrices or concentrations in the range of µg L-1 can be obtained without recourse 
to pre-concentration [8]. 
Another advantage of this technique, besides background reduction, is the fact that the sample 
excitation is done twice, by the incoming primary beam and the reflected beam as they both pass 
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through the sample. Thus, if the glancing angle is less than the critical angle, the fluorescence 
intensity of the sample will achieve the double value. 
The sample is typically presented as a thin film or a few very fine grains on the surface of a quartz 
plate in order to not disturb total reflection of the carrier. The amount of sample has to be restricted 
to about 10 µL of a solution or a few µg of a solid material. Liquid samples, as droplets of solutions 
or suspensions, are normally pipetted on to the carrier and dried by evaporation. To avoid 
spreading of droplets, the carrier must be hydrophobic, so the quartz-glass carriers are covered by a 
Si solution prior to use. Solid samples, as pulverized material, can be applied as a few grains, while 
tissues are applied as thin frozen sections obtained with a microtome. Generally, the sample has to 
be placed in middle of the carrier within a circular area 6-8 mm in diameter [173]. 
 
Total reflection spectrometers are highly effective in micro and trace analyses of various kinds of 
samples, especially for environmental matrices [174, 175], natural waters [176, 177] and biological 
samples [9, 178]. It is also used for industrial products analyses, for example high purity reagents 
and metals [179, 180], determination of trace metals in oils [181, 182] and quantitative surface and 
thin layer analyses [10, 183]  
Although this technique does not allow the detection of low Z elements (e.g. Li, Na, Al) and it 
requires a polished surface for best detection limits, the considerable advantages of TXRF have 
made it a competitor to well established methods such AAS, ICP-AES and ICP-MS. 
Once this is a variant of EDXRF, parameters as the X-ray tube, the detection system and the X-ray 
spectra will not be referred as they were already described in Sections 3.3.1.1.1., 3.3.1.1.3. and 
3.3.1.1.4. . 
 
3.3.1.2.1. Quantification 
In TXRF, quantification is generally carried out by internal standardization, once matrix absorption 
and enhancement corrections are not required due to the thin film properties of the samples 
analyzed. In this technique, only small volumes of liquids, small amounts of powders, thin sections 
or layers, and individual particles are subject to analysis. Quantification can therefore be carried out 
after the addition of an element serving as internal standard. 
When only one element has to be determined, it is used the addition of an element in a known 
concentration that gives a wavelength close to that of the analyte. When an appropriate internal 
standard cannot be found, it is possible to use the analyte itself as the standard element (spiking). 
When several elements must be determined, which is the case of the present study, any element not 
present in the sample, generally rare elements as Ga or Y, can be chosen as the standard [8].  
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For the multi-elemental analysis, the first step required is the determination of the net intensity of 
the characteristic peaks in the spectrum that can be done following the common practice already 
described for EDXRF. The sensitivity values for these peaks, however, should be known from 
preliminary measurements.  
Ideally a linear relationship exists between the volume concentration of the analyte  ,   , and the 
background corrected net intensity of the principal peak of the analyte,   , given in total counts 
recorded in a preset live time of the detector  
 
        
(III.21) 
where    is a proportional factor called absolute sensitivity particular of each element [8]. 
It is common to work with the relative sensitivities, rather than absolute sensitivities, which are the 
ratios of these sensitivities with respect to a specific element and can be determined by calibration. 
This specific element is present in a multi-elemental standard solution, and is chosen as a reference 
element. However, a large number of elements (>5) in one standard solution is not recommended 
for standardization because of possible spectra overlap [17]. After recorded the spectrum, the net 
intensity for each element is determined and the relative sensitivities are calculated by 
 
   
     
       
      
   (III.22) 
where   is the relative sensitivity;   the net intensity;   the concentration of the different elements 
  and the reference element   . The quantity     is generally set to 1 since only relative 
sensitivities have to be determined [8]. 
The relative sensitivities are independent of the sample matrix, and are only applied to special cases 
with no matrix interference. If the sample analyzed is a saline or gelatinous solution, a mineral or 
organic matrix (e.g. urine), some residues may be formed. Nevertheless, the relative sensitivities of 
elements determined in these matrices are calculated with a deviation of less than 8% [36] [8]. The 
relative sensitivities are calculated only once for each particular excitation mode. Any change in 
the excitation mode leads to a new set of determinations. 
 
For the next step of the quantification it is necessary to use the internal standard. A few µL of the 
internal standard ( ) are mixed with a few mL of the sample ( ).The sample can also be deposited 
on the sample carrier before the addition of the internal standard. However, this may compromise 
the homogeneity of the distribution. 
A small volume (2-10 µL) of the final solution is then pipetted on a clean carrier and dried by 
evaporation. The sample is measured and the concentration is calculated by (III.22) using for    
the internal standard (  ) and for   the analyte of interest ( ) 
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 (III.23) 
Since    is to be determined in the original sample volume, Equation (III.22) must be multiplied 
with the dilution factor         [8]. 
 
3.3.1.2.2. Analytical figures of merit 
The precision and accuracy are verified in the same way as in EDXRF spectrometers (c.f. Section 
3.3.1.1.6). 
The detection limits, however, are normally calculated directly using the absolute sensitivities of 
the element of interest and according to the International Union of Pure and Applied Chemistry 
(IUPAC) rules [184], expressed by 
    
      
  
   
(III.24) 
Once        is widely influenced by the photon counting of the spectral background (  ), it is 
limited by the Poisson statistics and Equation (III.24) can be written as 
 
    
   
  
   
(III.25) 
This expression is equivalent to the detection limit expression for EDXRF if the absolute sensitivity 
   is replaced by Equation (III.21). 
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4.1. Principles of Atomic Absorption 
 
In 1802, Wollaston observed the phenomenon of atomic absorption by noticing, for the first time, 
the existence of dark bands in the solar emission spectrum. This observation was only correctly 
explained in 1859 by Kirchoff and Bunsen as absorption lines due to the presence of various 
elements in the suns atmosphere. The use of the atomic absorption process as a quantitative 
analytical tool started in 1953, when Alan Walsh fabricated the first analytical atomic absorption 
spectrometer [185]. 
 
During the absorption process, a photon interacts with the atomic electrons that are promoted to 
excited states. Radiation is more likely to be absorbed at frequencies that match the energy 
difference between two quantum states of the atom. Thus, each element will preferentially absorb 
light at a particular wavelength. The absorption that occurs due to a transition between two 
electronic states is referred to as an absorption line. 
The absorption process can be used to calculate the concentration of the absorbing particles. When 
a beam of parallel monochromatic radiation passes through a medium having a determined 
thickness and a certain concentration of absorbing species, the intensity of the beam is attenuated 
from    to   due to the interactions between photons and the absorbing atoms. 
The transmittance,  , of the medium is defined as the fraction of incident radiation transmitted by 
the medium, and is given by [151] 
  
 
  
  
           (IV.1) 
The absorbance,  , of a medium is related with the transmittance and is defined by [151] 
 
           
  
 
   
 (IV.2) 
On the other hand, the absorbance is also directly proportional to the path length,  , through the 
solution and the concentration of absorbing species,   [151], 
 
        
 (IV.3) 
where   is a constant called absorptivity. Using Equation (IV.2) and (IV.3), it is obtained 
 
   
  
 
         
(IV.4) 
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which expresses the so-called Lambert-Beer law, i.e. that the absorbance (measured as a decrease 
in transmittance) increases linearly with the concentration of gas-phase atoms. 
There are some limitations to the applicability of Lambert-Beer's law. The law is accurate only for 
dilute solutions, because in high concentrated solutions the average distance between the species 
responsible for absorption is diminished to the point where each affects the charge distribution of 
its neighbours, altering the ability to absorb a specific wavelength. Other deviations, called 
chemical deviations, arise when an analyte reacts with a solvent to produce a product having 
different absorption spectrum. At last, the Lambert-Beer law is only observed by a truly 
monochromatic radiation, which is not verified in the presence of stray or scattered radiation. 
 
 
 
4.2. Linewidth 
 
The width of a spectral line, such as in the electromagnetic emission spectrum of an atom, is 
characterized by the spectral linewidth,  λ1⁄2. The FWHM, already discussed in Section 3.3.1.1.3., 
quantifies the spectral linewidth, in terms of wavelength difference, as can be seen in Figure 11. 
A particular spectral line can easily be assigned to a specific element. For example, atomic 
absorption lines from lead and antimony are both near 217 nm, but they are sufficiently narrow to 
be distinguish since lead is at 217.0 nm and antimony at 217.6 nm [186]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Illustration of the definition of linewidth. 
 
 
Atomic absorption peaks are much narrower than the bands resulting from absorption by 
molecules. The spectrum of a molecule is spread out due to the many different transitions which 
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can occur between the ground and excited states due to the presence of several rotational and 
vibrational states. 
Although atomic spectral lines may be sharp their linewidths are still finite. There are four main 
factors which influence linewidths: natural linewidth, Doppler effect, pressure effect and self 
absorption effect. 
 
The natural width is determined by the lifetime of the excited state due to photon absorption. The 
absorption process is very fast (~10-15 s) and the lifetime of the excited state is relatively longer (~ 
10-9 s), but still sufficiently short to be influenced by the Heisenberg Uncertainty Principle [186]. 
This principle states that is impossible to know both lifetime and the energy of an excited state with 
the same exact precision leading to imprecision in the wavelength of the transition. Actually, the 
observed linewidths are much broader (about 500 times) than the natural linewidths, thus the 
contribution of this effect to the broadening of the peak is small. The natural width of atomic lines 
is about 10-4 nm [187]. 
 
The Doppler broadening is the broadening of spectral lines due to the Doppler effect caused by the 
distribution of the velocities of atoms. Atoms that are moving toward the source absorb radiation 
with the effective wavelength shortened, i.e. the photon frequency is shifted to a value higher than 
the original. The effect is reversed for atoms moving away from the source, i.e. the absorbed 
radiation will have a frequency shifted to a smaller value than when emitted by the source. Doppler 
broadening accounts for most of the width of the atomic lines and yield linewidths of 10-3 to 10-2 
nm in atomic spectroscopy [187]. 
 
Concerning pressure or Lorentzian broadening, it occurs due to the fact that atoms undergo 
frequent collisions with other atoms and molecules in the surrounding gas, causing excited atoms to 
lose their excess energy. As a result, the lifetime of the excited atom is very short leading to line 
broadening. Depending on the excitation source type, this effect may or not be neglected. For 
example, since hollow cathode lamps operate at pressures under the atmospheric pressure (about 
0.01 atm), the frequency of collisions diminishes and the broadening is negligible, while in flames 
the broadening can be similar to the Doppler broadening [151]. 
 
The self-absorption broadening, also known as self-reversal broadening, is occasionally observed 
for intense resonance emission lines. It results from the fact that a part of the radiation emitted by 
the source is absorbed by the source itself. The line profile is changed as a result of the lowering of 
the maximum intensity accompanied by a corresponding increase in apparent half width [186]. 
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4.3. Atomic absorption spectroscopy instrumentation 
 
The atomic absorption spectroscopy, as it was already referred, is based on the absorption of 
element-specific source radiation by the atoms of the analyte. It is one of the most valuable and 
well established techniques with a vast application in biological and environmental analysis, for the 
elemental and quantitative study of the sample. This sensitive technique enables the detection of 
small amounts of elements, down to around tenths and hundredths of ppb. 
 
The instrumentation for atomic absorption can be single or double-beam spectrometers [151]. In 
single beam instruments, one beam of radiation passes from the source through the wavelength 
selector and to the detector. To obtain the absorbance it is necessary to take a reading through the 
blank, and then again through the sample, using a source with stable intensity. In the double beam 
instruments, the light from the source is split in two beams and one passes through the sample and 
other around it. Although the double beam design removes the fluctuations in the light source the 
single beam spectrometer (that is the design used in this work) is often preferred because it offers 
distinct advantages in terms of simplicity and concomitant lower cost. The fact that the radiant 
energy reaching the detector is generally larger than in the double beam spectrometers, leads to 
high signal-to-noise ratios. 
 
The main components of an atomic absorption spectrometer are: the emission system, i.e. the 
radiation source; the absorption system where the sample is going to be atomized; the selection 
system, which includes the equipment relative to the spectral selection (filters, monochromators); 
and the detection system, which consists in the photodetection and measurement of absorbance. All 
these components will be discussed in detail giving emphasis to the components used in this work. 
However, the importance of the atomizer must be emphasized. It is possible to define several 
techniques depending on the type of atomizer, such as the FAAS (flame atomic AAS), and also 
flameless procedures as the ETAAS (electrothermal AAS), also known as graphite furnace AAS 
(GFAAS), and the vapour generation AAS, namely the hydride generation AAS (HGAAS) and the 
cold vapour technique (CVAAS), as it will be referred in Section 4.3.2.. 
 
 
4.3.1. Radiation sources 
The essential feature of the atomic absorption spectroscopy is the narrowness of the absorbing 
spectral lines (0.002 to 0.005 nm). In order to apply the Lambert-Beer law it is necessary that the 
line sources used for excitation are stable and narrower than the linewidth of the analyte absorption 
peaks. Usually, this condition is met by using line sources, such as the hollow cathode lamp (HCL) 
or the electrodeless discharge lamps (EDL), instead of continuum sources. However, the HCL is 
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able to produce even narrower lines than EDL. This is the type of source used in this work and will 
be described below [185, 186]. 
 
A HCL consists of a Pyrex tube containing a quartz or glass window, a cathode and an anode made 
of tungsten. The cathode has the shape of a hollow cylinder and is fabricated, or the interior is 
coated, with the element that is being analysed. Thus, the emission line from the lamp is very 
narrow and at the exactly the same wavelength as that absorbing line of the analyte. The interior of 
the tube is filled with an inert gas, such as Ne or Ar, with a pressure of a few mbars [186]. The fill 
gas is selected in a way that no spectral interferences are encountered with the analytical line, and 
to achieve the highest emission intensity of the analyte spectrum. Applying a voltage of several 
hundred volts, the gas atoms become ionized at the anode and are accelerated toward the cathode, 
sputtering atoms from its surface into the gas phase. The metal atoms are then excited by collisions 
with electrons and ions and then emit the characteristic atomic emission lines. 
Because of the lower pressure and lower temperature in a HCL, compared to that in the atomizer, 
the linewidth of the spectral lines emitted by the radiation source is significantly smaller than that 
of the absorption lines, approximately 0.0002 nm. Therefore, all of the radiation produced is 
available for absorption by the atomized sample [185]. The intensity of the atomic line radiation 
produced increases with increasing current. However, at high lamp currents, an excess of metal 
atoms is sputtered from the cathode surface. In this situation, may occur self-absorption when the 
dense cloud of metal atoms absorbs radiation emitted from the nearby excited-state metal atoms, 
which results in radiation available for absorption by the sample. This can be avoided by running at 
a low current, which also increases the life of the lamp. 
Hollow cathode lamps can be a single element or a multi-element sources [185]. The multi-element 
HCL operates under the same principles of simple HCL, but with a cathode fabricated from alloys 
of several elements, instead from just a single element. These lamps are more economic than single 
element lamps and they have shorter change-over time, if the case of measuring more than one 
element. However, due to its complexity the multi-element HCL typically has a shorter lifetime 
than the single-element HCL and also produces lower intensity of the lines emitted for each 
element, and consequently worse signal-to-noise ratios. 
 
 
4.3.2. Atomizer 
The atomization step can be successfully executed by either flame or flameless. The most 
commonly used atomizers used nowadays are flames and electrothermal (graphite tube) atomizers. 
In either of the two methods, thermal energy is used to provide a complete vaporisation of the 
analyte material and to break the chemical bonds of the component molecules, irrespective of the 
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sample matrix. In both cases, the sample is in general introduced as an aqueous solution. However, 
in the graphite furnace it can also be introduced as slurry or a solid. Some elements such as As, Bi, 
Se and Sn can be easily converted into their volatile hydrides and subsequently introduced in the 
atomizer, what is the so called hydride generation technique. On the other hand, mercury has 
enough vapour pressure to be atomized at room temperature without the application of thermal 
energy, consisting of the cold vapour technique. In this Section the graphite furnace electrothermal 
atomizer will be described in detail, and compared with the other atomizers, once it is the one used 
in this work. 
 
Electrothermal atomizers include the graphite furnace, carbon rod, and tungsten ribbon atomizers. 
The most common commercial electrothermal atomizers are small electrically heated graphite 
tubular furnaces. The tube, which has about 5 cm long and an internal diameter less than 1 cm, is 
usually coated with pyrolytic graphite [151]. This substance has a low gas permeability and a good 
resistance to chemical attack, preventing oxidation and carbide formation. The low permeability 
reduces the loss of atomic vapour by diffusion through the cuvette wall contributing to an increased 
analytical sensitivity. 
In these atomizers, a 5 to 50 µL aliquot of the sample is injected through a hole in the top of the 
tube [185]. Care must be taken in the sample injection because if the droplet is injected too high it 
spreads leading to poor precision, and if the drop adheres to the tip of the injector it can be 
deposited around its hole affecting the reproducibility of the measurement. 
Each end of the furnace tube is connected to a high current, programmable power supply through 
water-cooled contacts (c.f. Figure 12). The furnace is then resistively heated stepwise to the 
temperatures conducive to gaseous atom formation. First the sample is dried, then ashed and 
atomized, at the appropriate temperatures. In the drying step, the solvent must be evaporated at a 
temperature just above its boiling point. In the ashing step, the temperature is raised to remove 
organic matter and as many volatile components of the matrix as possible; any loss of the analyte 
must be avoided. Protective internal gas flow efficiently prevents entrance of air. Vapours 
generated from the matrix during the first and second step are normally excluded by an external 
inert gas stream that enters the graphite tube (c.f. Figure 12). Finally, in the last step analyte atoms 
are excited and the absorbance is recorded. In this step, the internal gas flow is generally stopped to 
prevent cooling and removal of the analyte vapour [162, 187]. The optimization of the temperature 
and duration of these steps are essential parts of the development of analytical methods using AAS, 
and will be discuss in Section 4.3.6.2. 
The normal temperature profile of a graphite furnace can cause heterogeneities in the analyte 
spreading over the cuvette surface compromising the reproducibility of the measured absorbance. 
This can be avoided by using transversely heated furnace where the temperature is uniform over 
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the whole tube. In furnaces with longitudinal heating, the centre of the furnace is hotter than the 
ends [187]. 
After measuring, the furnace is cleaned by heating the atomizer to the maximum temperature for a 
short period. Finally, integrated water cooling and inert gas flows provides rapid cooling of the 
graphite tube after the operating voltage has been switched off to provide high sampling frequency.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Schematic design of a graphite tube furnace 
 
 
Electrothermal atomizers can be used to investigate liquid or solid materials that are introduced 
directly into a graphite tube. These atomizers use small sample volumes, and the entire sample is 
atomized, whereas in FAAS systems, only a small fraction of the sample enters the flame. In 
graphite furnace atomizers, the lifetime of an atomized sample in the optical path is typically of the 
order of several seconds, whereas in FAAS the residence time of the analyte in the optical path is 
less than 1 s. [185] Thereby, in ETAAS, the signal is averaged over longer time periods, affording 
higher sensitivity and lower detection limits. 
When comparing with the vapour generation techniques (HGAAS and CVAAS), which have 
analogous, or even better, detection limits and allow speciation analysis, the ETAAS continues 
offering the advantages of using smaller sample volumes and being suitable to measure elements 
that do not need to form volatile hydrides [186]. 
A major limitation of electrothermal atomizers, however, is the reduced precision of the results 
obtained, compared to FAAS [185]. Replicate results are difficult to obtain because of the 
reproducibility associated with the furnace operation and temperature control. Also more operator 
skill is required to find the proper conditions for the thermal program of each type of sample. 
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4.3.3. Selection System 
In AAS it is imperative to isolate the absorption line from background light. This may be achieved 
by the use of an optical system consisting of: an entrance slit that allow only a narrow beam of light 
to enter the monochromator; lenses and mirrors, which focus the radiation of the source first in the 
atomization zone (e.g. flame, graphite tube), then on the entrance slit of the monochromator; a 
prism or a grating that disperses the radiation into its component wavelengths; and an exit slit that 
isolates the desired spectral band [151]. The narrower the exit slit, the narrower the range of 
wavelengths which pass through it, i.e. more monochromatic is the light. The monochromator is 
placed after the sample cell to prevent the detector saturation by the radiation emanating from the 
atomizer. 
 
A monochromator should be capable of separating two lines 0.1 nm apart, or less, when operating 
at minimum slit width [186]. In order to separate the analytical line, it is helpful to use a small slit 
width. However, to obtain a stable measurement signal with a favourable signal-to-noise ratio the 
slit must be geometrically large to maximize the radiation entering the monochromator. These two 
apparently contradictory conditions can be mastered using a monochromator with high dispersive 
power. 
Prisms and gratings, are the two different devices used for dispersion of the wavelengths. In a 
prism the light is refracted when entering and leaving the prism. In this component, the refractive 
index of the material depends on the wavelength of the light passing through it, the dispersion 
decreases with increasing wavelength. Prisms have poor resolution (small difference in wavelength 
which can be separated) in the range beyond 240 nm and are mainly used for elements that have 
resonance lines which occur in the ultra violet [186]. 
Diffraction gratings can be transmission or, more usually, reflection gratings. The reflection 
gratings consist of a series of close, finely ruled lines, produced mechanically or by laser, on a thin 
metallic layer deposited on optically flat glass. The transmission grating consists in a series of close 
narrow parallel slits, which will diffract light and originate constructive interference at a specific 
angle. The dispersion of the gratings is almost constant throughout the spectrum. This means that 
for the slit varying the wavelength will not alter the bandpass [151].  
In practice, monochromators are made using gratings because of the higher resolution, wider 
spectral range and constant dispersion but they are also more expensive to produce. 
The size of an atomic absorption spectrometer is in part also determined by these components. 
Intelligent selection and design can contribute to a reduction of the overall dimensions of 
equipment. 
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4.3.4. Detection System 
The detectors used in atomic absorption spectrometers are always photomultipliers.A 
photomultiplier tube is an electronic tube that is capable of converting a photon current into an 
electrical signal and of amplifying it. It contains a photosensitive cathode coated with easily 
ionized material (such as a Cs-Sb alloy) and a collection anode [186]. The cathode and anode are 
separated by several electrodes, called dynodes. The dynodes have an emissive surface and a 
positive potential relative to the previous electrode, providing electron multiplication. 
When a photon hits the emissive surface an electron is ejected, i.e. the surface acts as a transducer, 
converting a light beam into an electrical signal. These electrons are accelerated and strike the next 
dynodes, ejecting several secondary electrons, until a cascade of electrons reach the anode. In this 
way a single photon striking the emissive surface generates an electron cascade effect and produces 
a significant electrical signal. At the end, the electrons strike the anode and flow off to the mass. 
The resulting current is then converted to voltage and measured. The signal is then electronically 
processed and the data stored in the computer, carrying out the calculations [151]. 
 
The amplification factor, typically 106-107 [151], increases exponentially with the number of 
dynodes and the interdynode voltage applied. The higher the voltage, the higher the amplification. 
However, its dark current and noise also increases with the voltage applied. Once thermal emission 
is the main source of dark current electrons, the photomultiplier should be cooled down to increase 
its performance.  
The detector must be able to cover the spectral range from 190 to 860 nm. The long wavelength 
limit is determined by the photon energy required to ionise the cathode material. The short 
wavelength limit is determined by the material used in the light transmitting window (such as 
quartz) of the photomultiplier. 
The main limitations of photomultipliers are the poor response at long wavelengths and measuring 
low power radiation. Intense light causes irreversible damage to the photoelectric surface and the 
photomultiplier response (current produced per photon) ceases to be linear. In addition they have 
extremely fast response times [186].  
 
 
4.3.5. Interferences 
Several types of interferences can be encountered in atomic absorption methods using both flame 
and electrothermal atomization: spectral, chemical, physical and background interferences. These 
interferences change the analyte signal while its concentration remains unchanged. 
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Spectral interference occurs when the absorption of an interfering species either overlaps or lies so 
close to the analyte absorption that monochromator resolution (or other wavelength selector) 
becomes impossible. It also happens when the source has overlapping lines (separation less than 
0.1 Å [151]), although this is rare because the emission lines of hollow cathode sources very 
narrow. The solution to overcome these interferences is the use of alternate wavelengths. However, 
due to the well defined wavelength at which individual elements absorb and to the remote 
possibility of two elements absorbing exactly the same wavelength, this technique is known to be 
free of spectral interference. 
 
Chemical interferences are more frequent than spectral ones. They result from several chemical 
processes occurring during atomization that alter the absorption characteristics of the analyte. The 
ionization of the analyte contributes for the chemical interferences by decreasing the analytical 
signal for the free atoms. Ionization suppressors are frequently used in FAAS to provide high 
concentration of electrons resulting in the suppression of the analyte ionization (e.g. Cs and K) 
[151]. Other processes that contribute for these interferences are the incomplete atomization of the 
analyte atoms and the analyte atom reaction with anions that form low volatile molecular species, 
reducing the rate at which the analyte is atomized. However, it can often be moderated by the use 
of higher temperatures or releasing agents (cations), which react preferentially with the interference 
and prevent its interaction with the analyte. Other important chemical interference is the reaction of 
the analyte atom to form molecular species that are stable in the flame conditions (e.g. refractory 
oxides). Protective agents (for example EDTA [186]), prevent this interference by forming stable 
but volatile species with the analyte. 
 
The physical interferences, together with the chemical interferences, belong to the called matrix 
effects. These interferences are related to the bulk physical properties of the sample to be analyzed. 
In FAAS physical interferences will affect nebulisation efficiencies during the atomization stage, 
because the amount of sample that reaches the flame depends on physical properties as viscosity, 
density and surface tension. 
In the graphite furnaces these interferences are also originated from differences in viscosity and 
surface tension. This may originate different droplet sizes and consequently different spreading of 
the sample solution in the graphite tube, as well as changes in sample solution diffusion into the 
furnace. To overcome these problems, generally surfactants are added to the sample solution and 
coated graphite tubes are used to reduce the porosity of the graphite, increasing the tube life at 
elevated temperatures. Physical properties of sample and standard solutions for calibration curve 
should match as closely as possible. The most common way to overcome matrix interference in all 
atomic absorption methods is to use the method of standard additions. This method effectively 
creates a calibration curve by using incremental additions of only small volumes of standard 
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solution to a sample, unchanging the bulk physical properties of the sample providing a matched 
matrix [102, 185]. 
 
Background interference is caused by non-specific absorption, arising from light scattering caused 
by solid particles (for e.g. combustion products) and liquid droplets in the atomizing cell, or by 
broad-band absorption, caused by molecules and radicals from incomplete matrix breakdown 
during atomization [151]. If part of the radiation is absorbed by molecules or lost due to scattering, 
a higher gross absorbance is measured. The difference between the net absorption of the analyte 
atoms and the measured gross absorbance is called background absorbance. The background 
interference is more serious in graphite tube ETAAS than in FAAS and is one of the major causes 
of the poorer accuracy encountered with non-flame methods. This interference is easily overcome 
using background correction methods. Two measurements are made in all background correction 
systems: the total, or gross, absorbance measured at the resonance line emitted by the source; and 
the background absorption, which is subtracted from the total absorption to obtain the analyte 
absorbance [102]. 
There are several methods for eliminating background absorption. The two lines method requires 
the presence of a reference line from the source (for e.g. an impurity in the lamp cathode [151]), 
which should be as close as possible to the analyte line but not absorbed by it. This means that two 
absorbance readings are made with the same source at different wavelengths and sequentially. Any 
decrease in the power of the reference line is than attributed to absorption or scattering by the 
matrix of the sample and is used to correct the absorbance of the analyte line. Unfortunately, a 
suitable reference line is often not available and this method has been disappearing.  
A different widely used method is the continuum-source or deuterium lamp background correction, 
which uses a separate source (deuterium lamp) with broad emission in the ultraviolet region to 
measure the background absorption. Both radiation from the source and the deuterium lamp pass 
alternately through the atomizer. The absorbance from the deuterium, which reflects the broad-
band absorption or scattering by the sample matrix, is than subtracted from that of the analyte 
beam. This method cannot be used at wavelengths above about 350 nm [151], because the emission 
intensity of the deuterium lamp becomes very weak. 
Other method employed in background correction is the pulsed lamp or Smith–Hieftje background 
correction, which uses a single light source, operating in alternatively low and high current. At low 
current, the lamp emission line is used to measure the absorbance at the maximum of the atomic 
absorption line of the sample. At high current, there is a broadening of the lamp output due to the 
temperature gradient, and the measured absorbance is essentially due to the background [186]. 
The method used in this work, the Zeeman background correction, consists in the application of an 
external magnetic field to the atomizer, originating a split in the electronic energy levels of the 
sample. This method will be described in more detail in the below Section. 
  Chapter IV - Atomic Absorption Spectrometry 
 
52 
 
4.3.5.1. Background correction by Zeeman effect 
The instruments based on the Zeeman effect provide a more accurate background correction than 
the methods described earlier, allowing the direct determination of elements in samples with 
complex matrix, such as urine and blood. In this method, a magnetic field (from 0.5 to 1 Tesla 
[151]) is used to broaden either the emission from the lamp, or the absorption spectrum of the 
sample. 
An atomic spectral line may contain several types of transition (depending on the angular 
momentum and spin of the electron). When applying to the atomizer a magnetic field these 
transitions will no longer be degenerate in energy, leading to the formation of 3 or more absorption 
lines for each electronic transition [188]. This shift is due to interaction between the electronic 
magnetic momentum with the external magnetic field. This phenomenon is called the Zeeman 
effect and is general for all atomic spectra. If the atom is in a singlet state, the single spectral line is 
split into three components and the effect is called normal Zeeman effect. If it is not, the electron 
spin has contribution and the spectral line splits in more than three lines. This is called anomalous 
Zeeman effect [151, 188]. Although the bulk of elements show the anomalous Zeeman effect, 
heavy elements like lead, which is the main target of this work, present a normal Zeeman effect, for 
the magnitude of the applied fields, and so only this will be described. 
 
In the normal Zeeman effect, when the magnetic field is applied to the sample vapour, the single 
spectral line is divided into three components, generally symmetrical about the original non-field 
spectral line (c.f. Figure 13). 
 
 
 
 
 
 
 
 
 
Figure 13: The effect of a strong magnetic field on atomic transitions. 
 
 
These lines differ from another by about 0.01 nm for the applied magnetic fields. The central line, 
called π, appears at the same wavelength Thand with half the intensity as the original line. On 
either side of the π line appears two other lines (the σ± lines) having one quarter of the intensity of 
the original line [186]. 
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The σ± lines ( 1 m ) are circularly polarized when observed parallel to the magnetic field and 
linearly polarized perpendicular to the field when viewed perpendicular to the magnetic field. 
While the π line ( 0 m ) is plane polarized with the direction of polarization parallel to the 
magnetic field [188]. 
If the magnetic field is applied perpendicular to the light path, the π line is polarized parallel with 
respect to the magnetic field and the σ± lines are polarized perpendicular to it. Thus, using a 
polariser to isolate either the parallel or the perpendicularly polarised light, the incident light 
becomes alternatively polarised. When the incident light is polarized parallel to the magnetic field, 
only the π component will absorb radiation, thus it is only attenuated by the analyte. Incident light 
polarized perpendicular to the magnetic field is only absorbed by the σ± components so it is only 
attenuated by the background. In both cycles occurs the matrix scattering, thus there is always 
some contribution to the background. In the end the background reading is subtracted to the peak 
absorption, thus giving a background corrected value. 
If the magnetic field is parallel to the light path, only the σ± components appear and the π 
component is missing completely. Due to the fact that only the σ± components are present, it is not 
necessary to use a polarizer in this case, resulting in a better signal to noise ratio compared to the 
transversal Zeeman method. This is called the longitudinal Zeeman effect, which is recently used in 
the furnace AAS [151, 186]. 
 
The advantages of this technique are that total and background absorption are measured with the 
same emission profile of the same lamp, allowing the correct background subtraction, and that the 
technique is not limited to lamps operating in the ultraviolet region. The main disadvantage is the 
increased complexity of the spectrometer. 
 
 
4.3.6. Graphite Furnace Atomic Absorption Spectrometry (GFAAS) 
The use of graphite furnaces as atomizers for quantitative AAS goes back to the work of L'vov in 
1961 [189]. In the L'vov furnace, samples were placed on an electrode and introduced into the 
aperture of the pre-heated cuvette. The L'vov furnace was simplified by Massmann [190] who 
omitted the electrode for the introduction of the sample, directly inserting the samples to the 
graphite tube interior by a hole in the wall. This is still the current geometry used nowadays and the 
one used in this work. Improvements to the Massmann furnace, as the L'vov platform furnace and 
the probe atomization, are also used. 
 
The objective of the analyst in GFAAS is to separate the analyte from the matrix before the 
atomization stage. In addition, it has to be made sure that no analyte is lost in the pyrolysis stage 
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and that the matrix interferences are minimized. To achieve these goals it is important to pay 
attention to important parameters of this technique, as the matrix modifier and the thermal program. 
In this Section it will also be discussed the output signal, quantification method and analytical 
figures of merit. Relevance will be given to the use of microwave digestion (MWD) and ultrasound 
solid-liquid extraction (USLE) as sample preparation method. 
 
4.3.6.1. Matrix modifiers 
Everything in a sample other than analyte is called the matrix. Ideally the matrix decomposes and 
vaporizes during the ashing step, also called pyrolysis (meaning decomposing with heat). To enable 
a more efficient thermal separation between analyte and concomitants, during the pyrolysis stage, a 
chemical modifier must be added to the sample. Chemical modifiers are substances that decrease 
the loss of analyte during the ashing, making the matrix more volatile or the analyte less volatile 
(raising its boiling temperature) and stabilizing the analyte while the matrix is removed by 
volatilization. 
 
The choice of the optimal chemical modifier mostly determines the potential of the method for the 
analysis of complex samples. However, the selection of an unsuitable chemical modifier can create 
more matrix effects rather than eliminate them. The number of compounds that are used as 
modifiers is very large, for example, the oxalic and nitric acids (NH4NO3 modifier), the metal 
nitrates (Mg(NO3)2 modifier), the ammonium phosphates (NH4H2PO4 modifier) and the organic 
compounds as ascorbic acid and Pd/Mg modifiers [191]. For the determination of lead there are 
several different modifiers that have been particularly used to attenuate interferences and 
improving the atomization process [192]. One of the most common and also used in this work is 
Pd(NO3)2, which is known as a universal modifier [105, 193, 194]. 
 
Chemical modifiers are separated into two classes, conventional or permanent, according their 
application procedure. The conventional chemical modifiers are introduced into the atomizer along 
with the test sample. The permanent modifiers are introduced into the atomizer at the beginning of 
its operation or applied to the to the surface of the atomizer (e.g. by electrolysis), obtaining a 
coating of the chemical modifier thermally deposited onto the surface [195]. Permanent modifiers 
have the advantage of reducing contamination because, during thermal treatment, the volatile 
impurities in these modifiers are eliminated, increasing the atomizer lifetime. W, Ir and Rh are 
some single chemical compounds that are normally used as permanent modifiers [13]. 
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4.3.6.2. Thermal Program 
The furnace thermal programming is used to decrease, as much as possible, the matrix elements 
before the atomization is carried out. A temperature program usually consists of the following 
steps: drying, pyrolysis or ashing, atomization and cleaning. All these steps must be optimized for 
each analyte and each type of matrix. For each stage it is necessary to select the heating rate and the 
holding time at the selected temperature, which depends on the temperature and the sample volume 
[186]. 
 
The purpose of the drying step is to evaporate the solvent at a temperature just above its boiling 
point. For e.g., in aqueous solutions the temperature should be above 100 ºC, about 110ºC [162]. 
Components with a higher boiling point might require more drying steps for safe removal. The 
drying process also should be fast but not too much to avoid spattering of the solvent. 
In the ashing step, the temperature is raised to remove organic matter and to reduce, or eliminate, 
interferences due to, for e.g., nonspecific absorption. At these temperatures, most the organic 
molecules of the matrix break into small volatile molecules that are flushed from the furnace. The 
choice of the ashing temperature requires a compromise between removing potentially interfering 
sample matrix (high temperatures and high hold times) and avoiding the lost of the analyte (short 
hold time and low temperatures). The use of a chemical modifier, as mentioned above, helps to 
solve this duality. 
In the atomization stage, there is the generation of analyte atoms in the ground state. These atoms 
are then excited by the source radiation and finally the absorption is measured. 
The atomization temperature must be high enough to give rapid and complete atomization of the 
element of interest. A high heating rate should be selected in order to obtain the highest density of 
atoms in the ground state. However, the lifetime of graphite tubes is quickly deteriorating at 
temperatures above 2700 °C, and the temperature must be selected accurately [187]. It is also 
important that the analyte signal returns to the baseline during the atomization cycle in order to 
avoid memory effects (interference from previous runs). 
In the cleaning step, the graphite furnace is heated to the maximum temperature, for a short period 
of time, in order to volatilize potential residues from the matrix and the analyte. 
 
The optimization of these operating conditions is essential, as well as, the study of the absorbance 
variation with temperature in ashing and atomization steps (ashing/atomization curves) for the 
selection of the optimum temperatures. 
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4.3.6.3. Data Analysis: output signal 
Under optimum conditions, the atomization peaks should be relatively symmetric. A typical output 
signal from the atomic absorption spectrometer used in this work (Analytik Jena AG, Jena, 
Germany, model 650) is present in Figure 14. The image shows the absorbance at the wavelength 
of a lead peak when a 20 µL of sample plus 5 µL of matrix (Pd(NO3)2 sample of aqueous solution 
added with 18 ppb Pb was atomized. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Pb Absorption profiles for aqueous calibration standard (18 µg L-1 Pb). a) atomic absorbance 
profile; b) background absorbance profile. 
 
 
Irregular peaks indicate problems that might result in wrong interpretations and results. For 
example, the degradation of the peak shape, or a large change in the slope of calibration curve, 
indicates that is time to change the furnace. Relatively broad peaks can indicate the formation of 
stable carbides, the use of too low atomization temperature, insufficient external gas flow, or 
uncorrected non-specific absorption. Multiple peaks might originate from memory effects, 
spattering of the sample solution during stages prior to atomization (once part of the analyte might 
be atomized from the platform and other part from the tube wall, for e.g.), wrong background 
correction, or from the analyte itself (more than one compound). 
Also the measurement of furnace blanks, i.e. solutions containing all the reagents/solvents used in 
the analysis, but with no analyte present, is very important. If an atomization signal appears during 
a blank it might indicates a insufficient cleaning temperature or time. It may be necessary to repeat 
the cleaning step, or even exchange the graphite tube [151, 187]. 
 
Once the matrix can influence the atomization behaviour of the analyte and thus the shape of the 
peak, signal peak area evaluation should be used in GFAAS. Peak area evaluation increases the 
reproducibility and the linearity of the calibration curve once the absorbance is not measured only 
at the moment of greatest atom density. 
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4.3.6.4. Quantification 
In GFAAS the quantification is made by the standard calibration method that consists in the 
calibration against known standards, i.e. solutions containing known concentrations of analyte, to 
obtain accurate quantitative results. An atomic absorption spectrometer measures the absorbance of 
the analyte which is proportional to the analyte quantity present in the sample (c.f. Lambert-Beer 
law, Section 4.1.). A calibration curve is obtained by measuring the absorbance peak area of a 
number of standards with increasing analyte concentration and plotting these values against the 
respective known concentrations [162]. 
 
The standard solutions should be prepared using high purity metals dissolved in high purity 
reagents, or even commercially available standard solutions, which have low levels of 
contaminating species. In order to obtain a good precision, they should be measured at least three 
times. A blank should be measured before the standards, to assess the contamination by impurities 
during the analytical procedure and the existence of interfering species in the reagents [187]. 
When a calibration line is plotted usually is used a linear regression analysis to find the best 
straight line through the experimental points. Subsequently, sample concentrations can be 
interpolated from the calibration curve. It is also very important to subtract the blank from every 
standard and sample signal to remove possible interferences due to impurities. 
 
Aqueous standards are used when matrix components in the sample do not interfere with the 
analytical signal. When the matrix of the sample is too complex, to compensate for the chemical 
and spectral interferences, it is also used the so called standard addition method, or spiking. This 
method consists in adding known quantities of analyte to the sample. From the signal difference 
between the spiked and unspiked samples, it is deduced how much analyte was in the original 
sample. This method requires a linear response to the analyte [187]. 
 
4.3.6.5. Analytical figures of merit 
The precision and accuracy are verified in the same way as in EDXRF spectrometers (c.f. Section 
3.3.1.1.6). However, in GFAAS it is usual to test the precision within bath, one vessel of the same 
sample several times, and between baths, several vessels of the same sample. 
 
In GFAAS it is normal to use not only the detection limit usually represented by the limit of 
detection (LOD), but also the limit of quantification (LOQ) that represents the lowest analyte 
concentration that can be determined quantitatively. In the concentration range between the LOD 
and the LOQ the analyte may be detected, but not quantitatively determined. 
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The detection limits are normally calculated with the criterion of [X]+3SD for LOD and [X]+10SD 
for LOQ, [X] being the mean absorbance signal of 10 blanks measurements and SD the 
corresponding standard deviation of ten measurements [196]. 
 
4.3.6.6. Sample Preparation 
There are several preparation methods for organic and inorganic sample materials, in order to 
transform a sample for analysis. One of the classical methods, and still the most frequently used, is 
the microwave digestion [197, 198], which is a wet decomposition method in a closed system that 
uses a combination of high temperature and pressure to enable digestion. In general, this method 
consists in microwave digestion with acid, and sometimes H2O2, in a teflon bomb. Lead, for e.g., is 
an analyte that is generally measured in soft tissues by solubilising them using microwave 
pressurized acid digestion [125, 199]. This methodology involves a complicate and time consuming 
sample handling and consequently a low throughput. In addition, the solutions volumes used in the 
treatment tend to increase the limit of detection. In this work, this method will be only used as a 
tool to assess the results obtained with another technique that is the ultrasonic solid-liquid 
extraction and that will be discussed in more detail in the next Section. 
 
4.3.6.6.1. Ultrasonic solid-liquid extraction 
The use of ultrasonic energy - ultrasonication - can greatly enhance analytical chemistry and 
represents a growing area of research [200, 201]. Recent advances in technology have improved so 
much the sample treatment that for many metals, total digestion of samples may be overcome by a 
simple ultrasound solid–liquid extraction procedure [202]. 
 
Ultrasound frequencies range roughly from 15 kHz to 1 GHz [203]. Once acoustic wavelengths are 
much larger than molecular dimensions, the interaction of ultrasonic energy with matter do not 
arises from a direct interaction with molecular species. Instead, when ultrasonic waves cross 
through a liquid media, interaction occurs due to a phenomenon called cavitation. This process is 
described by the generation of bubbles due to the acoustic wave's oscillating pressure. These 
bubbles grow, oscillate, split and finally implode, releasing the concentrated energy stored in a very 
short time. Localized hot-spots with temperatures near to 5000 ºC and pressures of 1000 atm are 
originated, thus these bubbles can be considered as micro-reactors [16]. Cavitation causes physical 
phenomena, such as pitting and mechanical erosion of solids, due to the microjets of solvent with 
velocities greater than 100 m s-1 [204], which can lead to particles of smaller size. Cavitation also 
causes radicals formation, which induces the oxidation of chemical species. As an example, when 
ultrasonic power is applied to water it results in the formation of hydroxyl radical and hydrogen 
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peroxide. Due to this phenomena, the analyte present in the solid may be extracted into the liquid 
media, when submitted to ultrasonic energy [205]. 
 
The most common ultrasonic devices commercially available to use in analytical chemistry are 
ultrasonic baths, sonoreactors and ultrasonic probes. Ultrasonic baths provide indirect 
ultrasonication and have some disadvantages compared to the other devices. Their lack of 
reproducibility and their low ultrasonic power are restricting for the majority of the ultrasound 
applications required in chemical analysis. Sonoreactor devices also provide indirect 
ultrasonication but with 50 times more intense ultrasonic energy than the later. However, the 
cavitation produced is lower than the one provided with the ultrasonic probe. The ultrasonic probe 
is the most powerful system available for the solid–liquid extraction of analytes and was used in 
this work. It can supply an ultrasound intensity in the order of 100 W.cm-2, at least, 100 times 
greater than the ultrasonic bath [16]. 
 
The ultrasonic probe (c.f. Figure 15) provides a direct ultrasonication of the sample once it is 
immersed directly into the solution, having no power loss due to the transfer through the vessel 
walls. Probes are usually made of titanium, which is resistant to cavitation, have low acoustic loss, 
and is chemically inert. However, tip erosion may lead to contamination by metallic particles. 
There are several parameters that should be paid attention during the use of ultrasonication probe. 
The intensity of ultrasonication (the vibrational amplitude of the tip) can be set to any desired level 
by the amplitude control of the probes. The higher the amplitude, the more intense is the 
sonication. However, very high amplitude levels lead to probe deterioration and, typically, this 
parameter is set to 50% [206]. 
 
 
 
  
 
 
 
 
 
 
 
Figure 15: Comprehensive scheme of an ultrasonic probe (adapted from [16] with kind permission of J.L. 
Capelo) 
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Temperature must also be controlled. During sonication a slow, but constant, increase in the bulk 
temperature is achieved, which changes physical characteristics of the liquid media and affects 
cavitation. This problem is normally overcome by cooling down the sample in an ice bath or, if 
long sonication times are needed, using pulse mode that avoids the temperature increase [16]. The 
reaction vessel shape is also important and must be conical in order to allow the probe to be 
inserted more deeply into the sample, thus avoiding aerosoling [207]. The contact between the 
probe and the sides of the vessel must be always avoided. 
The sample volume is also important and there are different probes for different range of volumes. 
This information is usually given by the manufacturer, but higher volumes lead to higher diameter 
probes. Typically, solid liquid extraction by ultrasound probes is operated at about 20 kHz 
frequency, with sonication times of 5 min or less [206, 208], sample mass ranging between 10 and 
50 mg [209-211] and with the particle size of the solids as small as possible [16]. 
 
The USLE of metals from solid biological samples to liquid media offers some advantages. In this 
process only the supernatant is injected into the furnace, which results in a drastic background 
decrease and diminishes the build-up of carbonaceous residues inside the furnace. Under this 
procedure, volumetric and sedimentation errors that occur when pipeting particles are avoided. The 
USLE allows high sample throughput as the sample treatment is typically completed in 1 minute. 
Furthermore, the amounts of sample required are regularly of tens of milligrams. In addition, the 
final sample volume is made up to some hundreds of µL, typically 500, which renders low limits of 
detection. On the overall, USLE match many of the concepts of analytical minimalism as outlined 
by Halls [212]: low sample mass and low reagent volume consumption, low solvent extraction 
volumes, low waste generation, easy of handling, high throughput and short treatment time.  
The ultrasonic probe is very efficient in the solid-liquid extraction of elements and has been used as 
a sample preparation technique for elemental analysis by ETAAS [208, 213]. It has been described 
as a powerful tool to extract lead from solids [202, 206, 214]. The technique is effective when the 
lead is softly bounded to the solid, as it is in the case of a co-precipitation. However there are some 
contradictory results reported to date in literature regarding ultrasonic elemental extraction. The 
reasons for these facts may be explained on the basis of an incorrect application of the ultrasonic 
procedure rather than to a lack in ultrasonic extraction efficiency [16]. In many papers there is a 
lack of experimental details that should be reported, what difficult to find an explanation for 
controversial data. 
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5.1. Animals and Experimental design 
 
Rats are similar to humans from the biological point of view. Their genetic, basic physiology and 
behaviour characteristics are closely resembled, thus many human diseases can be replicated in 
mice and rats [215]. Rats short life-cycles, the ease of handling these animals, the simplicity in 
controlling the surrounding environment (diet, temperature, lighting, etc.), their low cost, and 
avoiding to expose humans to health risks, are responsible for the suitability of rats in intoxication 
studies, always observing the ethics in animal use. Keeping this in mind, a major study of the 
mechanisms underlying lead concentration in biological samples of exposed rats was developed. 
 
In this study, it was used Wistar rats, a strain of albino rats that belongs to the species Rattus 
Norvegicus. Animals were assigned to one of the following two experimental groups: the exposed 
group fed with 0.2% w/v of lead acetate in drinking water since the foetal period (n=30); and the 
control group, which got normal drinking water (n=20 by collection). The lead exposure regimen 
was based on the previous validated study of Bielarczyk et al. [216], and prepared by dissolving 
lead acetate (Panreac Quimica SA - Lead (II) Acetate 3-hydrate DIDATIC) in distilled water. 
Wistar rats, aged from 1 to 11 months, were used in this study, in a total of 10 collections with 5 
rats each, 3 exposed rats and 2 control rats, giving a total of 50 rats. The experimental chronogram 
was designed to show the dynamicity of lead exposure within several tissues and excretions of 
animals during different stages of their development, from newborns to adults in a later stage in 
life. In order to achieve this purpose, a monthly evaluation of lead exposure was performed in 
animals belonging to both the control and contaminated groups. 
Animals were housed in standard cages placed in their usual room in the Instituto de Medicina 
Molecular – Instituto de Fisiologia (Faculdade de Medicina de Lisboa) laboratory, in accordance 
with EU legislation on animal experimentation. Animals were placed in cages with commercial 
pellet food (Panlab A04) and water ad libitum, kept at 18±1 ºC and relative humidity of 60±10%, 
on a 12:12-h dark–light cycle. 
 
Several tissues and excretions were analysed in each collection: urine and faeces, kidney and liver 
and four different bones, namely, iliac bone, femur, tibia-fibula, and skull (frontal, parietal and 
occipital bone). 
For urine and faeces collection, rats were individually placed in metabolic cages for a 24 hour 
collection. Due to the number of metabolic cages available for each collection, only urine and 
faeces of 2 exposed rats and 2 control rats were analysed. Samples were stored in separate plastic 
vessels with no chemicals addition, and stored at 2 ºC. 
After the excretions collection, at the end of each month of exposure, the animals were sacrificed 
by an overdose of sodium pentobarbital (100 mg mL-1 per kg body weight), and the soft tissues and 
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bones were collected. Soft tissues and bones were kept in different plastic vessels, containing a 
10% para-formaldehyde solution with 7.4 pH (37-38% w/w, Panreac) and stored at 2 ºC to avoid 
deterioration. The skull samples were stored in separate receptacles from the rest of the bones, 
because of their small size. 
All procedures involving animals were in accordance to EU law on animal experimentation. and a 
total of 380 samples were collected. 
 
Brain samples from rats with different periods of lead-exposition were also analysed, but with a 
different purpose. The presence of lead in brain has been linked to neurotoxicity, mild mental 
retardation and low IQ scores in children [48, 54]. Therefore, lead determination in brain is a key 
feature in the study of these health problems. However, two main reasons make lead determination 
in rat brain difficult, especially if the targets are specific brain areas. One is the low sample mass 
available, typically 10 to 20 mg of wet tissue that hinders the sample replication. The second reason 
is the low lead concentration usually found in rat brain. To overcome these problems it was 
developed a sample preparation method based in the use of ultrasound solid-liquid extraction. With 
that purpose, two different areas of the brain were studied: the Hypothalamic Defence Area (HDA) 
and the Nucleus Tractus Solitarius (NTS). A total of 24 tissues from control rats, 12 HDA and 12 
NTS, as well as 24 tissues from exposed rats, 12 HDA and 12 NTS, were analysed. The brain 
samples were collected using the same procedure mentioned above for the soft tissues. After 
sampling, they were placed in four different vessels, depending on type of tissue and if it belongs to 
an exposed or to a control rat, preserved in formaldehyde and stored in the refrigerator at 2 ºC. 
Thus, it was not possible to do an age dependent study in these samples. 
The sample preparation method applied to the brain samples was also used to study the urine 
samples, in order to overcome problem of urine precipitates. In fact, a precipitate tend to be formed 
in non preserved or long-term preserved urine [12]. Consequently, the concentration of lead in 
urine lowers with time as it co-precipitates with the solid. As result, accurate lead quantification in 
urine is achieved only if the solid phase and the liquid phase are both interrogated for lead content. 
 
Analysis of formaldehyde containing the soft tissues and bones were also performed using ETAAS 
in order to assess the presence of lead diffusion from the samples to the formaldehyde. 
 
Some preliminary studies were also done in the hair of the rats, because, due to its regular growth, 
hair is seen as an important time dependent biomarker. However, after some analysis made with the 
EDXRF and the µ-PIXE techniques, it was shown that the hair of the rats was externally 
contaminated and the study was discontinued. This was probably due to the contamination of the 
rat's snout, while drinking water, and consequently contaminating the paws and hair during their 
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cleaning processes. These results will not be presented in this dissertation, once they will not 
contribute for an accurate excretion study over age. 
 
 
 
5.2. Sample preparation 
 
This Section is divided in 3 subsections according to the measurement technique. First, it will be 
discussed the sample treatment for the samples analysed by EDXRF, namely faeces, kidney, liver 
and bones. Next, it will be explained the treatment method for samples that were analysed by 
TXRF, namely urine. Finally, the sample preparation for samples measured by ETAAS, namely 
urine, brain and formaldehyde will be presented. 
 
 
5.2.1. Sample treatment for EDXRF 
For the EDXRF analysis it is necessary to convert the sample into pellets. For that purpose soft 
tissues were sliced and lyophilized using a Modulyo Freeze Dryer System, from Edwards (UK), for 
4 days at -60 ºC and 20 Pa. The faeces were also lyophilized, but since they have less water than 
soft tissues, 3.5 days at -60 ºC and 20 Pa was enough to dry the samples. The bones were dried in a 
Memmert oven for 4 days at 60 ºC to make them easily breakable, enhancing the powdering 
process. 
After these processes all samples were, without any further chemical treatment or additive, 
powdered with a pestle in a porcelain mortar and pressed into circular pellets, with 20 mm in 
diameter, by a 13 ton manual hydraulic press from Specac. 
 
To reduce contamination, it was used a different mortar and a different pestle for control and 
exposed rats, and all the material was carefully washed with ethanol and Milli-Q ultrapure water 
(18 MΩ cm resistivity). 
 
Each pellet, weighing about 0.2 g, was glued (heptane mixture) on a Mylar film, fixed into a slide 
mount and placed on the sample holder (50 mm x 50 mm) in front of the X-ray beam for the 
element determination (c.f. Figure 16). Two pellets of each sample were made. If there was not 
enough tissue amount, the same pellet was measured two times in different positions. 
These procedures were held in Centro de Física Atómica da Universidade de Lisboa. 
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Figure 16: Bone pellet placed on the sample holder before EDXRF measurement. 
 
 
5.2.2. Sample treatment for TXRF 
The TXRF analysis was carried out using quartz discs, with a diameter of 30 mm and a thickness of 
3 mm, as sample holders. In order to obtain low sensitivity, the cleaning process of these carriers is 
critical. First, sample residues (from previous measurements) were removed using a soft brush. 
Secondly, the quartz discs were rinsed with acetone and gently placed in a PTFE 
(Polytetrafluoroethylen, Teflon) support inside a beaker with detergent bath (RBS 50, Carl Roth 
GmbH, Karlsruhe, Germany) for boiling during 2 h. After cooled down, the support with the 
carriers was rinsed with distilled water and placed in another beaker with Milli-Q ultrapure water 
(18 MΩ cm resistivity). This water was boiled again, cooled down and dried up with fluff -free 
scientific cleaning wipes (Kimwipes, Kimberly-Clark Corporation, UK) . The support was then 
placed in a third beaker with concentrated ultrapure HNO3 (Merck, Suprapur 65%) and boiled 
during 1 h. Finally, quartz carriers were rinsed with ultrapure water and subsequently dried. Boiling 
must be done in a clean fume cupboard in order to prevent any contamination. 
 
After this cleaning process, the quartz carriers must be rinsed with a silicon solution and, 
subsequently, dried at 100 ºC for about 1 h to keep aqueous samples in position in the carriers. 
Thus, before adding the sample, an alcoholic silicone solution from Serva, (SERVA 
Electrophoresis Heidelberg, Germany) was added to the pre-cleaned quartz carrier. This avoids the 
tear up of the samples, and keeps the droplets small and in the middle of the quartz discs. 
Afterwards, an aliquot of 2 µL of urine was pipetted on the quartz-glass carrier and thoroughly 
dried under infrared light (Philips, 150 W) for about 15 min. Without adding any chemicals, a first 
run of the spectrum was done to determine the best suitable internal standard. To be used as 
internal standard, the element should not be present in the original sample, should not interfere with 
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the target element (Pb), and must have an adequate XRF response. In the present work it was 
chosen Ga (1000 µg mL-1, Aldrich, Milwaukee, USA). 
Subsequently, a volume of 2 µl of urine, followed by 10 ng of Ga (diluted solution), were both 
pipetted onto different quartz-glasses. After this, the samples were dried for about 15 min under 
infrared light to adhere evenly to the surface of the quartz carrier (c.f. Figure 17). It was verified 
that the whole sample and the internal standard were in the field of view of the detector (8 mm in 
diameter), otherwise the quantification via internal standard might fail. Milli-Q ultrapure water was 
used to dilute the samples whenever necessary. Finally, the samples were directly measured by the 
TXRF spectrometer. 
Since these urine samples were measured soon after their collection, no significant precipitate was 
visible. These processes were held in ISAS, Dortmund, Germany. 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Quartz carriers with urine samples being dried before TXRF analysis. 
 
 
5.2.1. Sample treatment for ETAAS 
The sample treatment for the formaldehyde is very different from the sample treatment for the 
urine and the brain. The analysis of formaldehyde was straightforward, while for urine and brain a 
new methodology had to be developed and validated. Thus, concerning brain and urine samples, 
two methodologies were used: USLE as a main methodology to measure all the samples, and 
MWD to validate the suitability of USLE. The two methodologies will be described below. Later in 
Section 5.4, the validation study for the USLE method will be presented. 
During the sample treatment special attention has been given to the cleaning process that occurs 
previously before material usage. All material was carefully cleaned using HNO3 (10% v/v, Merck 
(Suprapur 65%) and left to stand for 24 h. Afterwards, it was rinsed with Milli-Q ultrapure water 
(18 MΩ cm resistivity) and left to dry. These processes were held in REQUIMTE facilities in the 
Chemistry Department of the FCT-UNL. 
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5.2.1.1. Formaldehyde 
In order to detect eventual lead diffusion in the formaldehyde used to preserve the tissues, samples 
of this liquid were collected from the receptacles containing the kidneys, liver, bones (each 
receptacle containing iliac bone, tibia and fibula and femur), skull, NTS and HDA from exposed 
rats. Original formaldehyde (containing no tissue) was also collected. The formaldehyde samples 
were centrifuged in a Sky Line minicentrifuge-vortex (ELMI, Riga, Latvia) at 2500 rpm for 10 min 
to avoid solid particles. From each formaldehyde sample a 0.5 mL aliquot was withdrawn, placed 
in the autosampler cups (c.f. Figure 18), and its lead concentration determined in triplicate by 
ETAAS. When necessary dilutions were made with Milli-Q ultrapure water (18 MΩ cm 
resistivity). 
 
 
Figure 18: Autosampler detail. 
 
5.2.1.2. Urine 
The urine samples were taken and left with no further treatment in closed vessels. After some 
weeks, the formation of a precipitate was observed. Afterwards, samples (volume 5 to 25 mL) were 
acidified with nitric acid (Merck, Suprapur 65%) up to 10% v/v, shaked for 10 minutes and then 
left to stand for at least 48 h before analysis. After, they were sonicated using an ultrasonic probe 
UPS200s (dr. Hielscher - Ultrasound Technology, Teltow, Germany) in steps of 2 min (x3, 200 W, 
24 kHz, 50% ultrasonic amplitude, 14 mm diameter titanium probe tip), being allowed to cool in an 
ice bath for 1 min between sonication steps. The supernatant part of all samples was pipetted to the 
autosampler cups (c.f. Figure 18) and measured in triplicate using the ETAAS technique. Whenever 
needed, samples were diluted with 10% HNO3 blank solution to fit the calibration curve. The blank 
samples (10% HNO3) were submitted to the same procedure. 
To validate this procedure, some samples were analysed before and after ultrasonic treatment. 
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The precipitate formed in the urine samples was dissolved using microwave-assisted acid digestion. 
Once the urine samples were acidified and sonicated as explained above in this Section, 1 mL was 
withdrawn and centrifuged at 7000 rpm for 3 min using a centrifuge Tehtnica Centric 150 
(Železniki, Slovenia). The supernatant was carefully removed and the precipitate was allowed to 
dry at 50ºC, in a JP Selecta Sa oven, until constant weight was observed (24 h). 
After, the precipitate was weighted (from 2 mg up to 6 mg) using a a digital balance, Mettler 
Toledo - AT21 Comparator (max 22g; d = 1µg) and transferred to a PTFE capped digestion bomb 
(45 mL capacity Parr reactors). It was added 50 µL of H2O2 (30% m/v, Panreac, Barcelona, Spain) 
to the precipitate and the mixture was left to stand for 15 min. Afterwards, 2 mL of HNO3 conc. 
(65% m/m, Merk, Darmstadt, Germany) was added and the mixture was left to stand for 15 min. 
Finally, the microwave-assisted acid digestion was done in a De Longui microwave oven model 
Perfecto Easy Microwave MW314 (350 W, 2.5 min). 
When the digestion was finished, the sample was made up to 5 mL with 10% v/v HNO3, pipetted to 
the autosampler cups, and measured in triplicate using the ETAAS technique. Blanks were treated 
in the same way. It is important to emphasize that this methodology duration is about 4 h, mainly 
due to the large amount of time that is needed for the digestion bomb to cool down after the 
digestion process. 
 
5.2.1.3. Brain 
The brain samples were removed from the formaldehyde solutions and allowed to dry until 
constant weigh at 50 ºC (24 h) in a JP Selecta Sa oven. The dry samples (from 2 mg up to 4 mg, 
weighted using the same digital balance, Mettler Toledo) were transferred to 1.5 mL cups and 1 mL 
of 10% v/v HNO3 (Merck, Suprapur 65%) was added. After, the samples were sonicated using the 
same ultrasonic probe, UPS200s, in steps of 1 min (x3, 200 W, 24 kHz, 50% ultrasonic amplitude, 
1 mm diameter titanium probe tip). Between sonication steps the samples were allowed to cool in 
an ice bath (1 min). The supernatant part was pipetted to the autosampler cups (c.f. Figure 18) and 
measured in triplicate using the ETAAS technique. 
Whenever needed, the samples were diluted with 10% HNO3 blank solution to fit the calibration 
curve. The blank samples (10% HNO3) were submitted to the same procedure. 
 
After the brain samples were sonicated, they were removed from the 10% v/v HNO3 solutions and 
allowed to dry until constant weigh at 50 ºC (24 h) in a JP Selecta Sa oven. The dry samples were 
weighted again in the same digital balance (2 mg to 4 mg) and transferred to the PTFE digestion 
bomb. The following procedure is identical to the one described in the microwave digestion of 
urine samples. 
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5.3. Spectrometers used 
 
 
5.3.1. EDXRF Spectrometer 
In this work it was used a home-made spectrometer (c.f. Figure 19). This spectrometer consisted of 
a commercial X-ray tube (PHILIPS PW 2184/00) with a tungsten (W) anode supplied by high 
voltage power supply (PW 1140, 100 kV, 80 mA maximum) and equipped with a molybdenum 
(Mo) changeable secondary target. The X-ray generator was operated at 50 kV and 20 mA, and a 
typical acquisition live time of 1000 s was used. 
 
 
Figure 19 a) EDXRF spectrometer; b) sample holder seen from the front; c) sample holder seen from above 
 
The binding energy of the   shell of the W anode is 69.52 keV [217], what means that an operation 
tension of 50 kV, corresponding to an electron beam with 50 keV energy, is not enough to excite 
the characteristic lines of the anode. Thus, the radiation that is going to excite the secondary target 
of Mo, consists in the Bremsstrahlung originated from the anode. According to what was described 
in Section 3.3.1.1.1., the maximum intensity occurs at 33 keV. This energy is close to the binding 
energy of Mo, 20.00 keV [217], and enough to excite the secondary target in order to obtain its 
characteristic radiation with the values of 17.44 keV for    and 19.60 keV for   . The   lines, due 
to their low energy (about 2 keV), are not of interest in the excitation of the sample. With this 
configuration it is possible to obtain a quasi-monochromatic source and to excite not only the   
spectrum of elements up to Z = 41 (binding energies less than 19.60 keV), but also the   spectrum 
of elements with atomic number higher than the atomic number of Mo. 
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The X-ray tube, the secondary target and the sample were positioned in a triaxial geometry with 90º 
angles to decrease the background radiation as mentioned before (Section 3.3.1.1.2.) [18, 218]. The 
use of an Ag filter in front of the X-ray tube and two silver collimators (between secondary target-
sample and sample-detector) also contribute to reduce the scattered radiation and improve the 
detection limits. The collimators used have been made using a series of thin apertures. The 
diameter and length of the collimators, and the material used have been carefully tested in order to 
find an optimal design. 
The focus of the beam in the sample is an ellipse with a major axis of about 2 cm and a minor axis 
of about 1.5 cm. The sample holder must be made from light elements and it should have the less 
material possible (besides the sample itself) in order to avoid the spectrum contamination and 
increase of background. The sample holder used was made of perspex and the sample was glued on 
a mylar fixed in a slide holder, allowing a direct exposition of the sample to the X-ray beam. 
The characteristic radiation emitted by the elements present in the sample is detected by an Oxford 
Si(Li) detector, with a 30 mm2 x 5 mm active area, energy resolution of 135 eV at 5.9 keV and a 8 
m beryllium window which is at 27 mm from the sample. The beryllium window is highly robust 
and absorbs strongly the low energy X-ray radiation. Due to the absorption of radiation in the Be 
window and to the absorption of radiation in air, only elements with atomic number higher than Al 
can be detected. The acquisition system is a Nucleus PCA card and the signal treatment and 
corrections to dead time are automatically adjusted by a Oxford 2040 commercial processor. 
Finally, the spectrum is obtained through the Quantum MCA v. 3.00 software and, as referred in 
Section 3.3.1.1.5., quantitative evaluation is made using the fundamental parameters method [167, 
219]. 
 
In this work, the concentrations were derived using the code XRFAES (X-ray Fluorescence 
Automatic Evaluation System) developed at the Department of Physics, Chalmers University of 
Technology.  
As an intermediate step between spectrum analysis and calculation of concentration using Equation 
(III.12), a separate calculation is made to quantify the attenuation coefficient for elements that are 
specified to occur in the sample. A set of equations corresponding to the intensity of the coherent 
and incoherent scattered radiation [167] and the normalization condition (Equation III.15) are then 
solved until the convergence condition is reached (relative difference in concentration between two 
successive iterations is less than 1% or a maximum of 100 iterations is used). In addition to all 
those elements that have their characteristic lines in the spectra, a number of virtual elements can 
be selected by the operator to represent all of the undetermined light elements that belong to the 
matrix of the sample [167, 168].  
For biological soft tissues, this matrix is essentially H, C and O, which are the main constituents of 
biological tissues [220].  
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When studying hard tissues, the sample matrix is different. For example, bones are mainly 
consisted by hydroxyapatite. In this case, once the matrix of the sample is composed of elements 
that are visible in the spectrum, such as Ca, the final concentrations calculated have errors of about 
10%. 
 
Often, in the experimental spectrum some lines of different elements overlap. In this work, special 
attention was given to the overlap between the Kr(  ) and Pb(  ), and between the As(  ) and 
Pb(  ). The Kr(  ) peak area was calculated from the Ar(  ) peak area, supposing a steady air 
composition. After, this Kr(  ) peak area was subtracted from the total Kr(  )+Pb(  ) peak area. 
The obtained Pb(  ) peak area was then used to calculate the Pb concentration. The ratio between 
the Pb(  ) and Pb(  ) lines was used to obtain the Pb(  ) peak area. Subtracting this peak area to 
the As(  )+Pb(  ) area, it is possible to obtain the As(  ) peak area. 
 
5.3.1.1. Dection limits and accuracy 
The detection limit of the EDXRF technique was calculated by using the Equation (III.20) for 
different standard reference materials. 
When measuring soft tissues and faeces the detection limit for lead was calculated using the 
standard reference material Orchard leaves 1571, from National Bureau of Standards (NBS), 
prepared in pellets according to the sample preparation method described in Section 5.2.1. This 
standard has the same light element matrix as faeces and soft tissues, i.e. its composition is mainly 
H, C and O. The detection limit calculated for Pb was 2 µg g-1. 
The detection limit of this spectrometer for the bones measurements was obtained using the 
standard reference pattern of Bone Ash 1400 from NBS. This standard was also prepared according 
to Section 5.2.1., and it was calculated the value 5 µg g-1 for Pb. 
 
The accuracy was also checked by analysing the reference materials present in Table 1. All the 
measurements showed a good agreement with the certified value assuring the accuracy of the 
method. 
 
A relative standard deviation (RSD) less than 10% was obtained for the different pellets of the 
same organ. 
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Reference Material 
Certified Pb 
concentration 
Measured Pb 
concentration 
Orchard leaves NBS 
1571 
45±3 42±3 
Bovine Bone 05-02 
Wadsworth Center 
16.1 ± 0.3 17±2 
Caprine Bone 05-04 
Wadsworth Center 
31.5 ± 0.7 29± 3 
 
 
Table 1: Comparison of the lead concentration (µg g-1) in the standard reference materials obtained in this 
work with the respective certified values. Results presented as  ±SD. 
 
 
5.3.2. TXRF Spectrometer 
The spectrometer used for TXRF measurements is a commercial spectrometer, Extra II, R. Seifert 
& Co., Ahrensburg, Germany, located in the Institute for Analytical Sciences (ISAS) in Dortmund, 
Germany. It is equipped with a Mo X-ray fine focus tube with a line focus of 0.04 mm height and 8 
mm width, a Mo filter with a 50 µm width and a low-pass reflection module made of quartz 
crystals (Seifert & Co., Ahrensburg), which acts together with two edges (diaphragms) as a cut-off 
filter. It is combined with an Oxford Pentafet Si(Li) detector with 80 mm2 active area, energy 
resolution of 165 eV at 5.9 keV and a 8 m beryllium window, which is at 1 mm from the sample 
and a computer-controlled analyzer, Link System QX 2000 (Oxford Instruments, High Wycombe, 
UK).  
The glancing angle is 0.09º and the operating conditions for the Mo X-ray tube were adjusted to 50 
kV and a varying current that assured a dead time less than 50% (up to 38 mA). The acquisition 
live time for all spectra was set to 250 s. The quantification was achieved by using the internal 
standard of Ga (Gallium, standard solution 1000 µg mL-1, Aldrich, Milwaukee, USA) [221]. 
 
5.3.2.1. Detection limits and accuracy 
The Pb detection limit for the urine samples was determined using Equation (III.24), and it was 
obtained the value 0.1 µg mL-1. 
The accuracy evaluation was carried out by spiking a control urine sample with a standard stock 
solution of Pb (1000 µg mL-1, Merck, Germany). The recovery rates of lead in the urine samples 
spiked with 0.5, 1, 2, 3 and 5 µg mL-1 Pb, ranged between 90% and 100%, showing a good 
response of the spectrometer for urine. The RSD was less than 10% for all the three replicates 
made. 
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5.3.3. ETAAS Spectrometer 
The ETAAS measurements were carried out using with an Analytik Jena AG atomic absorption 
spectrometer model AASZeenit 650 equipped with a transversely heated graphite furnace, a MPE 
60 autosampler and a Zeeman-effect background correction system (transverse magnetic field).  
 
The light source used was a HCL (Analytik Jena AG) operating at 4.0 mA current at 217.0 nm 
resonance line. The electrothermal program used is given in Table 2. 
A spectral band pass of 0.5 nm was selected and high purity argon was used as purge gas.  
The atomic signals were measured by a wide range 9 stage photomultiplier in the peak area mode. 
A volume of 20 µL of sample and 5 µL of matrix modifier, Pd(NO3)2 10 µg mL
-1 (Fluka, Buchs, 
Switzerland), were introduced in the graphite furnace.  
The graphite tube used was an AAS Z-standard tube. The chemical modifier was kept at 2º C and 
protected from light. 
 
Stage Temperature/time 
(ºC/s) 
Argon flow rate 
(L min
-1
) 
Dry 1 90/35 2 
Dry 2 105/25 2 
Dry 3 110/13 2 
Pyrolysis 900/13 2 
AZ (auto zero) 900/4 0 
Atomize 1800/4 0 
Cleanout 2300/5 2 
 
Table 2: Heating program for determination of Pb in urine. 
 
5.3.3.1. Detection limits and accuracy 
The atomic signals were measured in the peak area mode and it was obtained the following 
equation of standard calibration line: 
 
Y = (0.0047±0.0002) X + (0.001±0.003), (R2 > 0.995, n=18), 
(V.1) 
where Y is the integrated absorbance (peak area) and X is the Pb concentration in µg L-1.The stock 
standard solution of lead (1000 µg mL-1) was obtained from Fluka (Buchs, Switzerland) and the 
standard solutions were prepared by appropriate dilution of the stock standard solution using Milli-
Q ultrapure water (18 MΩ cm resistivity) and HNO3, purchased from Merck (Suprapur 65%), to 
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acidify the standards. The calibration curve was linear from 0 to 30 µg L-1 and was made with six 
calibration points. 
 
Concerning the detection limits of the spectrometer, calculated according the criterion described in 
Section 4.3.6.5, the limit of detection (LOD) obtained was 0.7 µg L-1 and the limit of quantification 
(LOQ) obtained was 2.1 µg L-1. These are also the detection limits for the formaldehyde 
measurement once it has no previous sample treatment. 
Taking into consideration these instrumental limits, the limits of detection and the limits of 
quantification of the sample treatments described in Section 5.2.1. are presented in Table 3. It is 
important to notice that in the digestion protocol (for the urine precipitate and brain tissue) the 
method limits were calculated taking into account the mass of sample placed in the digestion vial 
and the dilution made through the process, i.e. the final volume. For the USLE protocol, in the case 
of the brain samples, the method limits were calculated taking into account the mass of sample 
used in the extraction process and the extracting volume solution. 
 
The accuracy of the measurements was assessed by the measurement of an urine control material, 
from Clinical RECIPE (Munich, Germany), with a Pb concentration of (64.2±3.7) µg L-1. It was 
supplied in lyophilized form and it was reconstituted by dissolving the total content with high 
purity distilled water. The calibrator originally closed was stored at 4 ºC and after reconstitution at -
20º C. This control was prepared in triplicate with the same protocol as the samples, including the 
ultrasonication, to validate not only the measurements but also the method. The measured value 
was (62.0±6.0) µg L-1, i.e. the lead was totally recovered in the listed confidence interval. 
Formaldehyde samples were spiked in order to test the accuracy of the spectrometer in this type of 
matrix. Known amounts of lead up to 6 µg L-1, 15 µg L-1 and 24 µg L-1, were spiked and the 
samples analyzed. The recoveries obtained were 98±7%, 102±4% and 101± 2% respectively 
( ±RSD, n=3). 
For the brain samples, it was not tested the accuracy once the matrix is the same as solutions used 
for the standard calibration points. 
 
For urine, within bath and between baths precision was calculated using the Calibrator Material. 
The values obtained were 5% (n=9) and 7% (n=3), respectively.  
For formaldehyde and brain samples three injections of each sample were made and a RSD less 
than 10% was obtained. 
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  Urine-solid 
phase (μg g-1) 
Urine-liquid 
phase (μg L-1) 
Brain 
(μg g-1) 
USLE LOD - 0.7 0.35 
LOQ - 2.1 1.05 
MWD LOD 1.75 - 1.75 
LOQ 5.25 - 5.25 
Table 3: Limits of detection and limits of quantification for the different sample treatment methods assessed. 
 
 
 
5.4. Validation of the USLE methodology developed for urine and brain 
samples
1
 
 
 
5.4.1. Ash/Atomization curves 
When ETAAS is used for the direct determination of lead in organic samples, such as 
formaldehyde and urine, some problems must be carefully addressed in the method of analysis. 
Thus, volatilization of the organic phase leads to an increase in the actual concentration of the 
analyte. In addition, the auto sampler dispensing becomes complicated as the formation of the drop 
is hindered by the superficial tension of the liquid, which makes the drop become adhered to the 
dispenser´s tip. Furthermore, in some cases aqueous standard cannot be used for calibration [222]. 
To complicate things further, Volynsky et al. [223] emphasized that the spreading of organic 
samples over the graphite furnace surface distorts the atomic absorption profiles, renders the 
analytical curve non-linear and decreases the sensitivity. Furthermore, according to Tserovsky and 
Arpadjan [224], the removal of organic liquids after their penetration into the graphite requires long 
pre-treatment at high temperature. Hence, the volatile compounds would be lost at this stage. 
Taking into consideration the above mentioned problems that can hinder the analysis, first it was 
made an ash/atomization study to find out the best temperature for the ashing and atomization 
stages. The ash/atomization curves are presented in Figure 20. 
The matrix modifier used was palladium nitrate, which was selected as it was used with success in 
previous studies dealing with lead determination in complex samples [14, 206]. As may be seen in 
Figure 20, nitrate palladium stabilizes the lead inside the graphite tube up to 1100 ºC for both 
                                                 
1 The work presented in this Section has been published in: D. Guimarães, J.P. Santos, M.L. Carvalho, G. Vale, H. M.Santos, V. 
Geraldes, I. Rocha, J.L. Capelo, Ultrasonic energy as a tool to overcome some drawbacks in the determination of lead in brain tissue and 
urine of rats., Talanta 86 (2011) 442-446. Reproduced with permission from Talanta. Copyright © 2011 Elsevier. 
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aqueous standard and urine sample. To extend the life of the graphite tubes, it was selected a lower 
ashing temperature as optimum, 900 ºC. As far as the temperature of atomization concerns it was 
selected 1800 ºC as optimum. 
 
 
Figure 20: Ashing and atomisation curves for Pb in (i) an aqueous standard solution ( ♦ , ashing curve;  ■,  
atomization curve) (15 µg L-1); and (ii) urine liquid fraction (  ◊ , ashing curve;  □ , atomization curve) (15 µg 
L-1). 
 
 
The Figure 21 shows the absorption profiles of the samples studied in this work. Similar atomic 
absorption profiles are observed for aqueous standard, formaldehyde, urine liquid phase, and brain 
extract. This similarity facilitates calibration with aqueous standards. 
 
 
Figure 21: Pb Absorption profiles for: (A) Aqueous calibration Standard (18 µg L-1 Pb); (B) formaldehyde 
containing NTS control brain sample (24 µg L-1, Pb was spiked); (C) HDA exposed rat brain sample after 
USLE (5.4 µg L-1 Pb); (D) Urine of exposed rat after USLE (6.7 µg L-1 Pb;). a, atomic absorbance profile; b, 
background absorbance profile. 
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Further to these results, the formation of carbonaceous residues inside the graphite tube was not 
observed throughout the experiments. Formation of carbonaceous residues is a common problem 
when samples with high organic content are introduced into the graphite tube, leading to a number 
of problems that have been described elsewhere [225]. 
 
 
5.4.2. Analysis of urine sample from rats: overcoming the formation of precipitate 
It is well known that when a solid in a solution is formed, metals can be absorbed on its surface, 
leading to a variation in the actual content on these metals in the liquid fraction as the solid 
precipitation takes place [226, 227]. 
To demonstrate this fact it was analyzed the liquid fraction of four urines with solid fraction. The 
liquid fraction was analysed before and after the USLE sample treatment as described in Section 
5.2.1.2. The solid fraction was observed by naked eye. The amount of lead found in the liquid 
phase was increased after treatment in all cases studied, as may be seen in Table 4. In some of 
them, the lead concentration increases dramatically. This result confirmed that the acidification of 
the sample was not enough to extract the lead associated to the solid phase, being necessary the aid 
of the ultrasonic energy to make the lead extraction feasible. 
Finally, to assess the complete solid-liquid lead extraction, the solid phase was analysed to detect 
any non-extracted lead. The sediments were separated from the liquid phase, dried, weighed and 
solubilised with a microwave assisted acid pressurized digestion protocol, as explained in the 
sample treatment Section 5.2.1.2. From the eight solid fractions analysed, lead was detected only in 
four samples, being the amount of lead found in the precipitate less than 2% of the total lead 
contained in the sample (lead in the liquid phase and also lead in the solid phase). These results 
confirmed that the solid-liquid ultrasonic extraction was successfully achieved. 
 
Sample 
Found Content 
Before USLE  After USLE  
Urine A 432 ± 26 752 ± 56 
Urine B 109 ± 4 833 ± 62 
Urine C* 53.3 ± 0.3 60.9 ± 1.2 
Urine D 5 ± 2 110 ± 26 
 
Table 4: Lead concentration found in the liquid fraction of the urine of rats before and after treatment with 
ultrasonic energy ( ±SD, n=3, µg L-1). Urine A, B and C correspond to rats exposed to lead. Urine D 
corresponds to control rat.*(mg L-1). 
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5.4.3. Analysis of lead in brain rats tissue 
The brain samples of exposed and control rats were preserved in formaldehyde, with different 
brains collected and preserved in the same receptacles, concerning the type of the tissue and the 
exposure regimen. Therefore, it was investigated if lead from the contaminated brains was diffused 
to the formaldehyde. 
 
Lead from brain tissue was extracted using ultrasonic energy as described in Section 5.2.1.2.. Data 
presented in Table 5 show that the lead found in the formaldehyde was negligible in comparison 
with the one found in the brain tissue of rats exposed to lead. When non-exposed rats were studied, 
the lead content of both, formaldehyde and brain was below the limit of detection of the method.  
To assess the complete ultrasonic lead extraction from the brain tissue, after sonication some 
samples were solubilised with the aid of a microwave assisted acid pressurized digestion protocol 
described in 5.2.1.2. The concentration of lead obtained for all the samples studied was below the 
limit of detection of the method.  
To further confirm the completeness of the lead extraction, the multi-injection technique was used. 
This technique makes possible to reach lower limits of detection [228], because after the drying 
step, samples are re-injected several times on the graphite tube. Hence, the amount of metal in the 
tube is increased by a factor of two or three or more, depending on the number of re-injections 
used. In despite of being 3 times re-injected, the levels of lead found were below the limit of 
detection of the method.  
To assess the correct performance of the re-injection method, the same samples were spiked with 
lead up to 8 µg L-1. Samples were analysed with two and three re-injections. The lead recoveries 
obtained were ( ±RSD, n=3) 105±4% and 97±4%, respectively. These results further confirms that 
ultrasonic energy do works and is a powerful tool in the extraction of lead from soft tissue, 
confirming previous literature on this topic [14, 205, 206]. 
 
 
 
 
 
 
 
 
Table 5: Lead content in the formaldehyde and in the total mass of brains in each vessel containing 
formaldehyde, for exposed and non-exposed rats ( ±SD, n=3, µg). BDL indicates below detection limit of 
the respective methods. 
 
Sample 
 
Formaldehyde Total Brain 
HDA Exposed 0.007 ± 0.001 0.211± 0.014 
NTS Exposed 0.007 ± 0.001 0.173 ± 0.010 
HDA Control BDL BDL 
NTS Control BDL BDL 
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5.4.4. Analytical results and conclusions 
The sample treatment developed was applied to a number of rats under study, with no distinction in 
age, as shown in Table 6. When brains of exposed and non exposed rats are compared, lead 
accumulation is clearly observed in the brain tissue. Histological examination and histochemical 
analysis (Rhodozinate method) were also done to study the distribution of lead in brain tissues, but 
once it is a little out of the scope of this dissertation the results are only going to be presented in 
Annex 3. 
The levels of lead in urine of exposed rats are also high in comparison with no exposed rats.  
However, these results are only preliminary and the main propose was to show the suitability and 
validation of the USLE sample preparation method to the urine samples. The age dependency study 
is only going to be discussed in Chapter VI. 
It was developed a rapid and simple ultrasonic-based methodology to determine lead in brain and 
urine from rats. The new methodology allows handling mg of brain sample in a few minutes. The 
volume required to extract the lead from the brain was 1 mL, and can potentially be reduced to 250 
µL by just changing the ultrasonic tip used. Furthermore, the lead concentration in urine that had 
developed a precipitate can be easily determined by acidification (nitric acid, 10% v/v) and 
ultrasonication (6 minutes) of the sample. 
 
 Urine NTS HDA 
Formaldehyde 
NTS 
Formaldehyde 
HDA 
Exposed 
rats 
752 ± 56 ** 2.3 ± 0.2 3.1 ± 0.2 
4.4 ± 0.6 4.8 ± 0.3 
833 ± 62 ** 2.4 ± 0.1 3.2 ± 0.3 
60.9 ± 1.2 2.1 ± 0.2 3.4 ± 0.3 
27.4 ± 2.0 2.4 ± 0.1 3.5 ± 0.2 
5.5 ± 0.1 2.7 ± 0.1 3.0 ± 0.2 
4.3 ± 0.4 1.9 ± 0.2 3.2 ± 0.3 
Control 
rats 
BQL BDL BDL 
BDL BDL 
BDL BDL BDL 
BDL BDL BDL 
225 ± 23 ** BDL BQL 
110 ± 26 ** BDL BQL 
BDL BDL BQL 
 
Table 6: Concentration of lead found in random urine ( ±SD, mg L-1; n=3) and brain ( ±SD, µg g-1; n=3) 
samples treated with the USLE protocol. Formaldehyde ( ±SD, µg L-1; n=3) was measured directly by 
ETAAS. **(µg L-1; n=3). BDL - below detection limits; BQL - below quantification limits (c.f. Table 3). 
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5.5. Statistical Analysis 
 
Earlier studies have shown that concentration levels of trace elements, such as lead, do not usually 
follow a normal distribution [229, 230]. In this study, once the measured data was not normally 
distributed and the number of samples was less than 30, the measurements were statistically 
analyzed using nonparametric tests such as Mann-Whitney for 2 independent variables, Kruskall-
Wallis for K independent variables, Wilcoxon Rank test for 2 dependent variables and Spearman 
rank correlation coefficient for correlations. The statistical analysis was carried out using the 
Statistical Package for Social Sciences (SPSS) software, version 17.0 and a value of p lower than 
5% (p<0.05) was considered statistically significant [231, 232].  
 
The Spearman rank correlation coefficient,   , is a non-parametric measure of statistical 
dependence between two variables, i.e. it determines if the relationship between two measures 
taken on a single group is significant. 
A Spearman correlation is mostly used when one or both of the variables are not assumed to be 
normally distributed, or to correlate data that is ordinal. It can also be used for interval or ratio data 
and the values of the variables are first converted in ranks. As it uses ranks rather than the actual 
scores the Spearman correlation can still be used even when the relationship between the two 
variables is non-linear. 
The values of    range from -1 to +1. If the ranks agree perfectly with each other,    is equal to 1, 
indicating a perfect positive association between two variables. If the two series of ranking were in 
exactly reverse order, the value of    is equal to -1, indicating a perfect negative association. 
Another important parameter, besides the intensity of the correlation, is its significance that 
depends on the p-value. The p-level represents the probability of error that is involved in accepting 
the observed result as valid. As mentioned above, the correlation would be statistically significant 
if p < 0.05 [233, 234]. 
 
When there was a need to compare mean lead concentrations between different rats, the Mann-
Whitney U test was used. This test is a nonparametric hypothesis test used to compare the two 
means of two independent populations. It is used when the populations are not normally 
distributed, or if the data are only ordinal in measurement. The observations from both groups are 
combined and ranked. 
A test of a statistical hypothesis consists in two different hypotheses: the null hypothesis denoted 
by H0, is the hypothesis that is going to be tested and the alternative hypothesis, H1, that 
corresponds to the sample observations being influenced by some non-random cause. 
The test can be one or two tailed. In the one tailed test the null hypothesis is less or equal to a 
certain value, and the alternative hypothesis is greater than that value. In the case of two tailed 
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tests, used in this work, the null hypothesis state is equal to a determined value and the alternative 
hypothesis is to be different than that value. The two tailed hypothesis being tested with the Mann-
Whitney U consist in H0 - the two populations are identical and H1 - the two populations are not 
identical.  
Applying the hypothesis test if the p-value is less than the significance level, reject the null 
hypothesis, and conclude instead that the populations have different medians. If the p- value is 
higher than the significance level, the null hypothesis is not rejected and there is no evidence that 
the medians differ [231, 235]. 
The Kruskal Wallis test is a generalized form of the Mann-Whitney test method, which permits to 
test more than two groups to see if several populations have the same continuous distribution, at 
least as far as their medians are concerned. 
 
When the aim was to compare the means of different organs for the same rat, the Wilcoxon signed 
rank test was used. This test is also a non-parametric hypothesis test that follows the same 
assumptions of Mann-Whitney, i.e. it can be used when the population cannot be assumed to be 
normally distributed or the data is on the ordinal scale with the purpose to verify if the population 
means are the same. However, it is used when the samples are related and are not independent. This 
test also combine and rank the observations, but ranking a variable that involves paired differences 
of observations [235]. 
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6.1. Results and discussion 
 
In this Chapter the measurements of the different tissues are presented, analysed and discussed. The 
results are separated by excretions and organs: firstly urine and faeces, then soft tissues, namely 
kidney and liver, and finally the bones. All results are going to be expressed as mean value ± 
standard deviation ( ±SD). 
 
 
6.1.1 Urine and faeces
2
 
 
6.1.1.1. Urine lead analysis 
The urine samples were measured using the ETAAS and TXRF techniques. It should be referred 
that the urine samples analyzed by TXRF were measured 1-2 weeks after their collection and no 
significant precipitate was visible. The results obtained by both techniques for the same samples 
are listed in Table 7. The values obtained from the two methods overlap within the error bars. 
 
 
Sample 
 
TXRF (µg L
-1
) ETAAS (µg L
-1
) 
11 month old - exposed rat 1 550±70 490±50 
11 month old - exposed rat 2 650±60 720±30 
10 month old - exposed rat 1 750±30 800±30 
9 month old - exposed rat 1 700±70 690 ±40 
10 month old - control rat 1 BDL BDL 
9 month old - control rat 1 BDL BQL 
 
Table 7: Comparison of Pb concentration values for urine samples measured by TXRF and ETAAS 
techniques. BDL and BQL refers to below detection limit and below quantification limit, being BDL < 100 
µg L-1 for TXRF and BQL < 80 µg L-1 and BDL < 30 µg L-1 for ETAAS (both including dilution factor). 
 
 
The Figure 22 shows the average values of lead concentration measurements with both techniques 
in urine samples collected in rats with ages ranging from 1 to 11 months. The represented results 
are displayed in Table 18 of Annex 4. As can been seen, the highest average concentration was 
found in the youngest contaminated rats, 5 460±115 µg L-1, and the lowest was found in the oldest 
contaminated rats, 600±140 µg L-1.  These  values  are  about  the  same order of magnitude, or one 
                                                 
2 The work presented in this Section has been published in: D. Guimarães, M. L. Carvalho, M. Becker, A. von Bohlen, V. Geraldes, I. 
Rocha and J. P. Santos, Lead concentration in feces and urine of exposed rats by X-ray Fluorescence and Electrothermal Atomic 
Absorption Spectrometry., X-ray Spectrometry (2011), doi: 10.1002/xrs.2361. Reproduced with permission from, X-ray Spectrometry 
Copyright © 2011 John Wiley & Sons, Ltd. 
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order higher, than lead concentration values reported in other studies [68, 236, 237]. 
Concerning the control group, apart from the collections of 1, 4 and 5 months old, all the 
collections have values below detection or quantification limits. In the three exceptions, the mean 
lead concentrations range from 120±40 to 225±20 µg L-1. However, the lead concentration in 
control rats is always lower 7 to 88 times than the respective contaminated group.  
Analysis of the urine samples, using the Mann-Whitney U test, revealed significant differences (p 
<0.01) for the lead concentration in the samples from the contaminated group when compared to 
the control group. 
The standard deviation affecting the lead concentration values is relatively high in a few cases, 
which might be attributed to the individual variability in urinary excretion capacity of the different 
analysed rats. 
 
Figure 22: Comparison of Pb concentration obtained in urine for exposed and non-exposed rats. All samples 
were measured by ETAAS except for 7.5; 9 and 10 months which were measured by TXRF. In the control 
rats *, ** and *** corresponds to BQL < 80 µg L-1; BDL < 30 µg L-1 (including diluting factors) and BDL < 
100 µg L-1, respectively. 
 
 
From Figure 22, it is evident that the lead concentration decreases with age in exposed rats. 
Applying the Kruskal-Wallis test between the different age samples it is possible to divide the 
measured data in the following 3 plateaus with no statistically significant concentration relation: 
plateau 1 (P1) contains only the youngest rats; plateau 2 (P2) contains the 2, 3, 4, and 5 month old 
rats (p = 0.478) and plateau 3 (P3) contains rats with ages between 6 and 11 months (p = 0.221). 
The Kruskal-Wallis test revealed statistically significant differences between these three groups (p 
<0.001), with following average concentration values: P1 - 5 460±115 µg L-1, P2 - 2 400±1 310 µg 
L-1 and P3 - 760±190 µg L-1.  
The high lead excretion in plateau 1, containing only 1 month old rats, may be explained by the fact 
that these newborn rats were delivered by contaminated dams. As seen in humans [48], the rapid 
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skeleton turnover that causes a large mobilization of the bone lead stored during pregnancy in the 
first months of newborns life may also explain the high lead concentration in youngest rats urine. 
The low glomerular filtration rate and a not fully developed tubular secretion in newborns may also 
explain the differences in excretion [5]. 
The decrease of the urine lead concentration with age may suggest a decrease in the lead uptake. 
This was corroborated by Quarterman et al. [238] and Smith et al. [37], which also observed a 
decrease in the rate of uptake as a consequence of increasing age. On the other hand, it should be 
considered that chronic renal insufficiency, which may result from irreversible loss of nephrons and 
the progressive deterioration of kidney, can also inhibit the removal of lead [239]. 
 
6.1.1.2. Faeces lead analysis 
The average values of lead concentration in faeces samples collected from rats with ages ranging 
from 1 to 11 months are displayed in Figure 23. These results are presented in Table 19 of Annex 
4. Some of the samples were also measured by PIXE in order to double check the results. The 
obtained results are displayed in Table 23 of Annex 5. 
Concerning Figure 23, the highest average concentration value in the two different groups was 
found in the 4 months rats, being 11 370±3 280 µg g-1 for contaminated rats and 54±3 µg g-1 for 
control ones. The lowest average concentration value for contaminated rats corresponds to the 9 
months collection (4 470±300 µg g-1), and for the control rats to the 7.5 months collection (6±1 µg 
g-1). 
The fecal average lead concentration values measured in this work are approximately one order of 
magnitude higher than the concentration values reported in some studies [68, 236, 240], and about 
4 orders of magnitude higher than others studies [113]. However, it should be taken into account 
that these studies were made on exposed workers and other animals (otters, minks and pigs) with a 
different exposure regime. It is important to stress that the rats analyzed in the present work were 
delivered by contaminated females, which may originate higher lead accumulation level.  
In general, the results obtained in control rats differ from the corresponding contaminated group by 
about 2 orders of magnitude. The error bars associated to the average lead concentration values are 
within the biological variability of the samples, being 37% the highest value for the 1 month old 
rats. 
The differences in the lead concentration between the exposed and control groups, for each 
collection, were tested using the Mann-Whitney U test, which revealed that these groups are 
statistically different (p <0.01). 
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Figure 23: Comparison of Pb concentration obtained by EDXRF in rat faeces from exposed and non-
exposed group. 
 
 
In Figure 23 it can be noticed the existence of two levels of lead excretion: plateau 1 that contains 
rats with ages ranging from 1 to 4 months, and plateau 2 containing rats from 5 to 11 months. The 
application of the Kruskal-Wallis test to the plateaus 1 and 2 indicates that there is no statistically 
significant difference between the different collections that form each group (p = 0.105 for group 1 
and p = 0.371 for group 2). The subsequent application of the Mann-Whitney test to these two 
plateau reveals that they are statistically different (p <0.001), with average values of 9 160±2 740 
µg g-1 and 5 320±1 200 µg g-1, for plateau 1 and 2 respectively. 
Since the bulk of lead ingested passes through the alimentary tract unabsorbed, these results 
support the hypothesis that the decrease with age of lead excreted is due to the decrease in lead 
intake. 
 
6.1.1.3. Correlation between lead concentration in urine and faeces 
The lead content in faeces and urine was compared.  
The ratio faeces/urine varies by a factor of 3 to 4 depending on the animals’ age as it is shown in 
Figure 24. A linear tendency (R2=0.6906 for a linear correlation) between the Pb faeces/urine ratio 
and the animals age can be identified. The ratio increases with the animals’ age, meaning that the 
rate of excretion by urine is more accentuated with age than the rate of excretion by faeces. 
Spearman correlation test showed a strong positive correlation of   =0.782 with a p=0.008. 
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Figure 24: Fecal/urinary lead concentration ratio values as function of age of rats from 10 different 
collections (n= 20). 
 
 
A Spearman's correlation matrix was also calculated (Table 8) to study the correlation between the 
elemental concentrations and the dependence of these concentrations on age. According to this test, 
the closer |rs| are to 1, the stronger is the correlation for a significance level p, which expresses the 
probability of error that is involved in accepting the results as valid. 
As can be observed in Table 8, there is a negative correlation with age for both Pb concentration in 
faeces and in urine, being very strong for urine samples and strong for faeces samples. A strong 
statistically significant correlation between the lead concentration in urine and in faeces can also be 
observed. 
 
Variable 
 
Age Pb in urine Pb in faeces 
Age - - 0.988b - 0.685ª 
Pb in urine - - 0.697ª 
Pb in faeces - - - 
 
 
Table 8: Spearman correlation matrix for the average Pb concentrations in urine and faeces for the 10 
collections. The correlations are significant at p<0.03 if marked with a, and significant at p<0.001 if marked 
with b. 
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6.1.2. Liver and kidneys
3
 
 
6.1.2.1. Liver lead analysis 
The average values of lead concentration in liver samples collected from rats with ages ranging 
from 1 to 11 months are displayed in Figure 25. These corresponding results are listed in Table 20 
of Annex 4.  
Some of the samples were also measured by PIXE in order to double check the obtained results and 
are presented in Table 23 of Annex 5.  
Concerning Figure 25, the highest average lead concentration value in liver of the exposed group 
rats (22±6 µg g-1) occurs in the 1 month old collection, and the lowest (6±1 µg g-1) in the two older 
collections. 
The results obtained in this work for lead concentration in liver of contaminated rats are of the 
same order of magnitude of the values reported in the work by Mykkanen [241], and are, in 
general, one order of magnitude higher than the values reported in the works by Schroeder [242] 
and Smith [37]. However, in both later works the rats were not delivered from contaminated dams 
and were submitted to lower doses of lead (namely 5 and 150 µg g-1 lead, respectively). In the 
former work, the newborn rats were exposed to lead from foetal period with a concentration of 
0.5% lead acetate. 
 
In the control group, all values were found to be below detection limit, with exception of the 2nd 
and 3rd collections' results. Nevertheless, the mean lead concentration in those collections (4±1 µg 
g-1) is close to the detection limit of 2 µg g-1, and below the acceptable value to have intoxication 
repercussions in animals [84]. 
In general, considering the value of the detection limit for the BDL cases, the results obtained in 
control rats, are about 2- to 11- fold lower than the corresponding contaminated group. 
The differences of the lead concentration between the exposed and control groups, for each 
collection, were tested using the Mann-Whitney U test. It revealed that these groups are statistically 
different with p <0.01. 
 
The error bars associated to the average lead concentration values are quite acceptable within the 
biological variability of the samples, being 38% the highest value for the rats with 7.5 month old. 
 
                                                 
3 The work presented in this Section is in revisions phase in: D. Guimarães, M.L. Carvalho, V. Geraldes, I. Rocha, L.C. Alves, J.P. 
Santos, Lead in liver and kidney of exposed rats: aging accumulation study., Journal of Trace Elements in Medicine and Biology (2011). 
Reproduced with permission from Journal of Trace Elements in Medicine and Biology Copyright © 2011 Elsevier. 
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Figure 25: Comparison of Pb concentration obtained by EDXRF in rat livers from exposed and non-exposed 
group. In the control rats * corresponds to BDL < 2 µg g-1. 
 
 
There is a decrease in the lead concentration accumulated in liver with the time of exposure (Figure 
25). The application of the Kruskal-Wallis test to all the collections shows that there are three 
different plateaus statistically different: plateau 1 (P1) with the youngest rats; plateau 2 (P2) with 
rats aging from 2 to 5 month old, and the plateau 3 (P3) containing the collections of rats with ages 
between 6 to 11 months old. There is no clear evidence that the different collections forming each 
plateau are statistically different: P2 has p= 0.116 and P3 has p= 0.120. The subsequent application 
of the Mann-Whitney test to these two plateaus reveals that they are statistically different 
(p<0.001), with average values of 22±6 µg g-1, 10±1 µg g-1 and 7±1 µg g-1 for P1, P2 and P3 
respectively. 
The liver lead concentration decreasing over time was also observed in other studies [37, 241, 242]. 
This decrease with age is due to several significant age-related differences in the physiological 
handling of lead, including the greater absorption from gastrointestinal tract and the higher percent 
lead retention in tissues in the younger, the greater reactivity of organs and the nutritional 
deficiencies of the young animals and children [81]. The elevated levels of lead ingestion with a 
higher intake of lead on a body weight basis [37] also contribute to the existence of these 
differences between young and older rats. 
The very high concentration value on P1 liver (22±6 µg g-1) is, probably, due to the fact that these 
rats are born from dams already contaminated with lead. In general, mother and foetus can be 
considered an unique system that remains in equilibrium through pregnancy. So, in the end of 
pregnancy an identity exists between the blood lead concentrations in the mother and the child, 
between their bone lead concentration and, as a consequence, in their soft tissues [48, 243]. This 
fact, together with all the features mentioned above, may contribute to the remarked high lead level  
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in the first month, once that at 3 weeks of age rats start to feed themselves from the same 
concentration of lead as the dam, and not from maternal milk that contains roughly 1/1000 of the 
concentration of lead present in maternal diet as showed by Mikkanen [241]. 
 
6.1.2.2. Kidney lead analysis 
The measurements of lead concentration in kidney samples collected from rats with ages ranging 
from 1 to 11 months are displayed in Figure 26. These results are listed in Table 21 of Annex 4. 
Some of the samples were also measured by PIXE in order to double check the results and the 
obtained results are listed in Table 23 of Annex 5.  
Regarding Figure 26, the mean concentration values in exposed rats do not present great variability, 
ranging from 44 ± 6 µg g-1 to 79 ± 26 µg g-1. These results are higher than the lead concentration 
values reported in other studies made by Schroeder [242] (1.10 µg g-1 to 1.54 µg g-1), Rader[81] 
(10.78 µg g-1 to 6.50 µg g-1), and Mahaffey [244] (13 µg g-1). However, these studies were made in 
different exposure regimens, namely 5 µg g-1 lead in the first mentioned study, and 200 µg g-1 lead 
in the last two, and the rats were not delivered from contaminated dams. Still the values obtained in 
this work are similar to those obtained by Victery [245] for rats fed with a 1000 ppm lead acetate 
diet, and by Mykkanen [241] for rats exposed to lead from foetal period with a concentration of 
0.5% lead acetate. The high levels of lead found in kidney may be due to the disruption of the 
normal excretory function of the kidney [246], causing disproportionate accumulation of lead in the 
rats. 
 
Concerning the control group, all the values are below detection limits, i.e. 2 µg g-1, and 
consequently are below the value of 5 µg g-1 considered to be the threshold for acute intoxication in 
animals [84]. These values are at least one order of magnitude lower than the ones obtained in the 
exposed rat groups. 
Analysis of the kidney samples, using the Mann-Whitney U test, revealed significant differences (p 
<0.01) for the lead concentration between the contaminated collection and the respective control. 
 
The concentration values are not affected by great variability, with a maximum value of 33% for 
the 4 month old collection. This shows that there is a high consistency in the results, not only 
among the 3 rats of the same collection, but also among measurements in different pellets of the 
same rat. 
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Figure 26: Comparison of Pb concentration obtained by EDXRF in rat kidneys from exposed and non-
exposed group. In the control rats * corresponds to BDL < 2 µg g-1. 
 
 
From Figure 26 it is not clear if there is any age dependency of lead concentration in kidney 
tissues. Applying the Kruskal-Wallis test between the different age samples it is possible to divide 
the measured data in the following 2 plateaus: plateau 1 (P1) contains only the youngest rats and 
plateau 2 (P2) contains rats from 2 to 11 month old, showing no evidence of statistically significant 
differences between these different collections (p = 0.128). The application of the Mann-Whitney 
test reveals statistically significant differences between these two plateaus (p = 0.001), with mean 
concentration values of respectively 44±6 µg g-1 and 63±9 µg g-1. 
These results emphasize that kidneys have a different behaviour from liver concerning lead 
accumulation. Kidney, as stated by Victery [245], seems to have a finite capacity to absorb lead 
and are not affected by the extent of exposure but mostly by the lead dose. It is also remarkable that 
the mean concentration value for the two groups is very close. However, the strange behaviour of 
the kidneys during the first month has already been noticed by Mykkanen [241] in the first week-
old-pups, who found that kidney showed a very low lead concentration compared to their dams 
suggesting the different role of kidney in the young animal compared to adult. He also pointed out 
that kidney concentrations decreased over time, although the study was only done during 7 weeks. 
 
6.1.2.3. Correlation between lead concentration in kidney and liver  
The relationship between the kidney (y-axis) and the liver (x-axis) is presented in Figure 27. It is 
observed that the 1 month old pups have a different behaviour concerning the other ages, with a 
drastic increase in the liver mean lead concentration and a decrease in the kidney mean lead 
concentration. The fact that kidney presents higher lead concentration than liver is in agreement 
with the work of other authors [241, 242]. 
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Figure 27: Relationship between median kidney and liver lead concentrations for contaminated rats over 
time ( ; n=3). 
 
 
Although these two variables are not linearly related, if the ratio between kidney and liver lead 
concentrations (Figure 28) is studied, it can be identified a linear tendency (R2=0.6245) between 
the lead ratio and the animals age. This ratio varies from 2 to 10 depending on the age. Applying 
the Spearman to these two variables a strong positive correlation of   =0.794 with a p=0.006 was 
verified. 
 
Figure 28: Kidney/liver lead concentration ratio values as function of age of exposed rats from 10 different 
collections ( ; n=3). 
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A Spearman's correlation matrix was also calculated (Table 9) to study the correlation between 
elemental concentrations and the dependence of these concentrations on age. A negative strong 
correlation with age for lead concentration in liver was verified. It can also be observed that lead 
concentration in kidney does not have a statistically significant correlation neither with liver lead 
concentration nor with age.  
This test showed that liver and kidneys lead concentrations don't correlate. This means that there is 
no dependency between the accumulations of lead in these soft tissues. It was also showed that 
kidney doesn’t correlate with age, which means that kidney doesn't seem to be affected by the 
exposure duration unlike the liver. This behaviour was also observed in rats in the work of Victery 
et al [245] and in pigs in the work of Gyori et al [113]. 
 
 
 
 
 
 
 
Table 9: Spearman correlation matrix for the average lead concentrations in kidney and faeces for the 10 
collections. a p=0.001; b p> 0.800. 
 
 
6.1.3. Bones: iliac, femur, tibia-fibula and skull
4
 
 
6.1.3.1. Bones lead analysis 
In Figures 29, 30, 31 and 32 are presented the lead concentrations measured in the bones for non 
exposed Wistar rats and exposed since foetal period. The measured results are listed in Table 22 of 
Annex 4. 
For the exposed rats, the values are very similar between iliac, femur and tibia-fibula, ranging from 
approximately 300 µg g-1 to near 100 µg g-1. The skull, has also a lower limit about 100 µg g-1, but 
an upper limit of about 250 µg g-1. The highest average lead concentration in all types of bones 
occurs in the 1 month old collection, and the lowest is found in the two last collections. 
The lack of information in the works about the lead concentration in bones concerning the diversity 
of bone (in many cases comparing only similar types of bone), if the published data refer either to  
                                                 
4 The work presented in this Section has been accepted in D. Guimarães, M.L. Carvalho, V. Geraldes, I. Rocha, J.P. Santos, Study of 
lead accumulation in bone of Wistar rats by X-ray fluorescence analysis: aging effect., Metallomics (2011), doi: 10.1039/C1MT00149C. 
Reproduced with permission from Metallomics Copyright © 2011 RSC Publishing. 
 
 
Variable 
 
Age Pb in kidney Pb in liver 
Age - 0.018b - 0.890ª 
Pb in kidney - - 0.055b 
Pb in liver - - - 
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dry, wet or ash weight, and the exposure doses and time, makes the comparison between works 
difficult. Nevertheless, these results are about the same order of magnitude, or one order higher that 
values found in other works, such as, the work of Denton et al. [46], Mahaffey et al. [244] and 
Rader et al. [81]. However, in these works the exposure regimen was lower than the one used in the 
present work and the rats were not exposed since foetal period. 
 
In the control rats, along all age groups, the values are lower than the reference value reported by 
ATSDR [5], 10 µg g-1, above which there are descriptions of adverse health effects. Values similar 
to the ones measured in this present work have also been reported for femur of control rats [81]. 
Using the Mann-Whitney U test to compare exposed and non-exposed rats of the same age, 
significant differences (p<0.001) were revealed for the lead concentration in the four type of bone 
samples. Assuming, conservatively, the detection limit value for the cases with BDL values, the 
measured lead concentration values in all bones of control rats are about 18 to 43 times less than 
the respective contaminated group. 
 
Despite the 1st month collection, with coefficients of variation ranging from 40 to 31% for the 
several bones, the measured lead concentrations don't show a high standard deviation, however, the 
coefficient of variation is never inferior to 10%. 
 
 
 
 
 
 
Figure 29: Comparison of Pb concentration obtained by EDXRF in rat iliac bones from exposed and non-
exposed group. In the control rats * corresponds to BDL < 5 µg g-1. 
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Figure 30: Comparison of Pb concentration obtained by EDXRF in rat femurs from exposed and non-
exposed group. In the control rats * corresponds to BDL < 5 µg g-1. 
 
 
 
 
Figure 31: Comparison of Pb concentration obtained by EDXRF in rat tibia and fibulas from exposed and 
non-exposed group. In the control rats * corresponds to BDL < 5 µg g-1. 
 
 
 
 
Figure 32: Comparison of Pb concentration obtained by EDXRF in rat skulls from exposed and non-exposed 
group. In the control rats * corresponds to BDL < 5 µg g-1. 
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It can be observed in Figures 29, 30, 31 and 32 that there is a decrease of the mean lead 
concentration accumulated in all bones with age, and that these decrease maybe done by steps. To 
test this hypothesis, it was applied the Kruskal-Wallis test to the different bones between all the 
collections. Results show there are three different plateaus of accumulation for all bones: plateau 1 
(P1) containing the youngest rats of the 1st and 2nd collection; plateau 2 (P2) containing rats aging 
from 3 to 9 months old; and the plateau 3 (P3) containing the two older collections. In Table 10 are 
listed the mean values of each plateau, as well as the p-values obtained with the Kruskal-Wallis test 
between the collections that form each plateau, which are not statistically different. Subsequent 
application of the Mann-Whitney test between the different plateaus for each bone, with p-values 
of p≤ 0.001 for all cases also corroborates the statistical difference and individuality of each 
plateau. 
 
 
 
P1 
 
P2 P3 
Iliac bone 284±62* 
p=0.749 
202±20* 
p=0.257 
101±21* 
p=0.873 
Femur 274±68* 
p=0.337 
191±21* 
p=0.362 
110±27* 
p=0.749 
Tibia-fibula 277±85* 
p=0.624 
186±20* 
p=0.542 
105±26* 
p=0.337 
Skull 211±59* 
p=0.394 
149±19* 
p=0.214 
99±22* 
p=0.749 
 
Table 10: Mean lead concentration of the plateaus of accumulation for the several bones. Kruskal Wallis test 
p-values between the collections that form each plateau of lead accumulation for the four types of bone. * 
values are in µg g-1. 
 
The decrease of mean lead concentration in bones over time, and the youngest high skeletal 
retention, has also been observed in other studies [47, 81, 115]. The rapid formation of bone in 
young animals and inclusion of lead into the new bone, contribute to this increased retention [47, 
81, 247]. Important age dependent factors also contribute to the lead concentration decrease with 
age, namely the gastrointestinal absorption [36, 248], the skeletal uptake [249], and the lead intake 
[37, 238]. All these factors are considerably greater in younger animals than in adults. However, 
other studies made in human bones showed that lead concentration increased with age due to the 
decrease in the bone turnover rate [43, 250]. The present work may be indicative that besides the 
decrease in bone turnover rate with age, lead concentration in bones continues to diminish, which 
may reflect the more significant contribution of decreasing ingestion, absorption and retention of 
lead in the rats organism. 
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As in the liver and urine samples, it was found a high mean lead concentration in the first month, 
which seems to be a consequence of the exposure to lead since foetal period. 
 
6.1.3.2. Correlations between lead concentration in bones 
The mean lead concentrations values between the different types of bone are displayed in Figure 
33. As can be seen, the concentration of lead in iliac bone is in general higher than in the femur, 
tibia-fibula and skull bones. While the concentration in femur and tibia-fibula bones are similar, 
skull presents a considerable tendency to have a lower mean lead concentration.  
 
Figure 33: Distribution of mean lead concentrations (µg g-1) over age on iliac bone, femur, tibia-fibula and 
skull. 
 
 
These tendencies, however, tend to disappear in all types of bone as the rats become older. This 
result corroborates the suggestion of Aufderheide and Wittmers [88] that accumulation takes place 
predominantly in trabecular bone during childhood and in both cortical and trabecular bone in 
adulthood. This happens because in childhood the bone calcification is most dynamic in the 
trabecular bones, whilst in adulthood, calcification takes place at sites of remodelling in both 
cortical and trabecular bones. 
To assess whether these differences are statistically significant, it was applied a Wilcoxon test 
between the different types of bones during the time of exposure. The test showed p-values p<0.05 
only when comparing the skull with the other types of bone. 
The differences between lead accumulation in skull and other bones were also reported in other 
works. Denton et al. [46] results showed a higher lead concentration in femur than in skull, 
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independently the amount of lead ingested. Holtzman et al. [251] and Smith et al. [252] also found 
the same tendency, while works made in humans, for e.g. by Barry and Mossman [41], Khandekar 
and Anand [253], and Drasch et al.[115], found the highest lead concentration in skull. The 
disparity between works made in humans and rats may be explained by an existing difference 
between the human bone structure and the rat bone structure (compact, spongy). 
Whilst femur, tibia and fibula (long bones) are composed of trabecular (or spongy) bone tissue 
covered by compact bone, skull is primarily composed of dense compact tissue, and iliac bone is 
composed mainly by trabecular bone. Since the spongy bones are more vascular than the compact 
bones, it is expected that iliac bone presents a higher mean lead concentration. Due to the higher 
blood affluence, it is expected the iliac bone to have the higher mean lead concentrations followed 
by femur and tibia and fibula and then skull, as it was observed in this work. However, in some 
works such as Drasch et al. [115], pelvic bone showed a lower lead concentration than femur. 
To study the correlation between elemental concentrations and their dependence on age, a 
Spearman correlation matrix was carried out (Table 11). It was found a very strong statistically 
significant positive correlation between the lead concentration in femur and iliac, skull and iliac 
and skull and femur. Strong positive correlations between the other types of bones can also be 
observed. According to this test, there is a strong negative correlation with age for all bone lead 
concentrations. This correlation tends to be very strong in tibia-fibula and skull.  
 
 
 
 
 
 
 
 
 
Table 11: Spearman correlation matrix for the mean lead concentrations in bones for the 10 collections. The 
correlations are significant at p<0.01 if marked with ª. 
 
 
6.1.4. Correlations between all excretions and organs 
A Spearman's correlation matrix was calculated (Table 12) to study the correlation between 
elemental concentrations of the organs and excretions that haven't been correlated yet.  
Variable Age Iliac Femur 
Tibia-
Fibula 
Skull 
Age - -0.788ª -0.782ª -0.867ª -0.842ª 
Iliac - - 0.923ª 0.825ª 0.942ª 
Femur - - - 0.830ª 0.988ª 
Tibia-Fibula - - - - 0.855ª 
Skull - - - - - 
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This correlation test showed that faeces and kidneys don't correlate with the other organs. It was 
also observed that lead concentration in urine does not have a statistically significant correlation 
with kidneys, but it has a strong correlation with all the other organs. A strong correlation was 
found between liver and all the bones. This means that when there is a decrease in the lead 
concentration accumulated in liver and bones there is also a decrease in lead concentration excreted 
through urine. Despite the evidence of this correlation, urine mean lead concentration 
measurements should still not to be used as a marker for body lead burden due to the high 
coefficient of variation associated to the urine samples. 
 
 
Table 12: Spearman rs correlation values for the average lead concentrations in all the organs and excretions 
studied, and the corresponding p-values. 
 
 
6.1.5. Formaldehyde lead measurements 
To investigate if there was diffusion of lead into the formaldehyde used as preservative it was 
analysed 5 samples of formaldehyde containing contaminated kidneys, 5 samples of formaldehyde 
containing contaminated liver, 5 samples of formaldehyde containing contaminated bones (iliac 
bone, femur and tibia-fibula) and 5 samples of formaldehyde containing contaminated skull.  
The formaldehyde measured values and the respective soft tissues and bone tissues concentrations 
are listed in Table 13. 
 
The results show that the concentration of lead in formaldehyde is about 3 orders of magnitude 
lower than the concentration of lead in the soft tissues and, at least, about 5 orders of magnitude 
lower than the concentration of lead in the bone tissues. Based on the total mass of the biological 
tissues (minimum mass: kidneys -2 g, liver - 8 g, bones ~ 4 g and skull - 2 g) and the total volume 
Variable 
Pb in 
urine 
Pb in 
faeces 
Pb in 
liver 
Pb in 
kidney 
Pb in iliac 
bone 
Pb in 
femur 
Pb in 
tibia-
fibula 
Pb in 
skull 
Pb in 
urine 
- - 0.865 
p=0.001 
-0.061 
p= 0.868 
0.763 
p=0.010 
0.758
 
p=0.011 
0.818
 
p=0.004 
0.830 
p=0.003 
Pb in 
faeces 
- - 0.503 
p=0.138 
-0.043 
p=0.907 
0.375 
p=0.285 
0.345 
p=0.328 
0.418 
p=0.229 
0.430 
p=0.214 
Pb in liver - - - - 0.841 
p=0.002 
0.718 
p=0.019 
0.767 
p=0.010 
0.767 
p=0.010 
Pb in 
kidney 
- - - - 0.059 
p=0.872 
0.158 
p=0.663 
-0,128 
p=0.725 
0.116 
p=0.751 
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of the formaldehyde in which they were contained (20 mL for kidney and skull, and 50 mL for 
liver and other bones), it was concluded that the amount of lead in formaldehyde is less than 2% 
than the existing in the corresponding tissue and it can be neglected. The concentration value 
measured (n=3) in a formaldehyde original sample was BQL. 
 
 
Samples of contaminated rats 
Tissue  
(µg g
-1
) 
n=2 
Formaldehyde 
(µg L
-1
) 
n=3 
Kidney 11 month old - rat 1 34±2 50.0±0.6 
9 month old - rat 3 61±2 90.9±1.3 
6 month old - rat 2 42±4 83.1±1.0 
5 month old - rat 1 66±5 68.9±1.0 
3 month old rat 3 62±2 55.3±2.7 
Liver 10 month old - rat 3 6±1 BDL 
9 month old - rat 1 7±1 BQL 
7.5 month old - rat 3 6±1 BQL 
4 month old - rat 3 8±1 BDL 
1 month old - rat 3 16±2 4.2±0.3 
Lowest lead 
concentration 
bone tissue 
10 month old - rat 1 106±20 BDL 
6 month old - rat 2 166±16 BQL 
4 month old - rat 3 197±19 3.7±0.3 
2 month old - rat 2 268±26 8.4±0.2 
1 month old - rat 3 248±24 BDL 
Skull  6 month old - rat 1 180±17 BDL 
 5 month old - rat 1 186±19  BDL 
 4 month old - rat 2 129±13 BDL 
 3 month old - rat 2 135±14 BDL 
 1 month old - rat 1 331±33 BDL 
 
 
 
 
Table 13: Concentration values of lead in soft tissues, bones and in the formaldehyde used to preserve the 
samples, measured by EDXRF and ETAAS, respectively. BDL and BQL refers to below detection limit and 
below quantification limit, being BDL < 0.7 µg L-1 and BQL < 2.1 µg L-1 
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6.2. Conclusions 
 
Although the use of animal model systems is a common procedure, few data are available that 
correlate the differences in tissue lead levels for different exposure times in animals born from 
contaminated progenitors. With this in mind, the use of X-ray fluorescence and atomic absorption 
techniques aim to increase the understanding of distribution of heavy elements in the organism. 
This study showed the suitability of the TXRF and ETAAS techniques to study lead contamination 
in urine samples, despite the complex matrix of this sample. The use of ultra-sound sonication in 
preparation of urine (and also brain) samples, within the ETAAS study framework, is stated in this 
work as a necessary procedure when urine presents precipitation to guarantee that all the significant 
lead accumulated in the precipitates is removed for the liquid and taken into account during the 
measurements. 
It was also demonstrated that EDXRF technique can be successfully used for the analysis of lead 
contamination in faeces, kidney, liver and bones providing a fast, easy and non destructible 
analysis. This technique requires no chemical preparation what reduces the odds of contamination. 
The obtained results were validated by certified materials and by double checking the measurement 
of some samples with the PIXE technique. Formaldehyde used to preserve the samples was also 
measured using the ETAAS technique to assure there was no significant diffusion of the lead 
content from the samples to the preservative. The results show that the diffusion can be neglected 
once it is < 2%. 
 
In the present work, were determined urine and faeces lead contents with maximum values of about 
5 500 µg L-1 and 11 000 µg g-1 respectively. The ratio between all the faeces and urine 
concentrations measured is about 3 to 4 orders of magnitude, and application of the Spearman 
correlation test showed a positive correlation between the fecal/urinary ratio and the time of 
exposition. It was also verified that the lead concentration in the urine and faeces of the control rats 
are, in general, near or below the upper limit values for no accumulation of lead in the organism 
(100 µg L-1 and 50 µg g-1, respectively). 
Regarding the contaminated rats, lead concentration values ranging from 6 to 22 µg g-1 were 
determined in liver, and from 44 to 79 µg g-1 were determined in kidney. This shows that kidney 
has a greater capacity to retain lead than liver. The ratio kidney/liver varies from 2 to 10 over time 
and is strongly positively correlated with the age of the animals.  
Relating to the control animals, all values are below EDXRF detection limits of the technique, 
except the rats of two collections with values of 4 µg g-1.  
The bones mean lead concentration of exposed rats range from 100 to 300 µg g-1, while in control 
rats it does not exceed 10 µg g-1. 
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Differences between the mean lead concentrations in all bones during time were statistically tested. 
Despite the iliac bone presents higher mean lead concentrations than the other bone tissues, the 
differences were only statistically significant for skull, which presented the lower mean lead 
concentration. Analysis of a radar chart allowed to infer that these differences tend to be attenuated 
with age. 
 
Application of non-parametric statistics to elemental concentrations pointed out a positive 
correlation between urine and faeces lead content. A negative correlation with age was also found, 
very strong for urine lead concentration and strong for faeces lead concentration. 
A strong positive correlation with time of exposure was also verified in the liver concentrations, but 
not in the kidney. The correlation between these two soft tissues was also analysed using the 
Spearman correlation test and no significant relation was found. 
Spearman correlation test applied to mean lead concentration in all different types of bones showed 
strong and very strong positive correlations. This test also demonstrated that the mean lead 
concentrations in bones are negatively correlated with the age of the animals. This correlation is 
strong in iliac and femur and very strong in tibia-fibula and skull. 
It was also observed that mean lead concentration in faeces and kidneys do not correlate with the 
mean lead concentration in other organs, and that mean lead concentration in urine does not have a 
statistically significant correlation with kidneys. However, a strong correlation was found between 
mean lead concentrations in urine and all the other organs, as well as between mean lead 
concentrations in liver and all the bones. 
 
Results suggest that the removal of lead through the faeces and urine decreases with the age and is 
made in different levels of excretion (Table 14). The three different groups existing in the urine 
excretion coincide more or less with different stages of growing of the rats: when rats become 
sexual active (1.5 months) [254, 255] and become social adults (~ 6 months) [254, 255]. In faeces, 
the step corresponding to the sexual activity of the animal is not evident. However, the gap from 
the first to the second group also occurs, practically when the animals reach the adult age. 
Concerning the kidney time dependency, the kidney mean lead concentration is practically not 
affected by the exposure time (except for the 1st month). On the other hand, the lead accumulation 
in liver decreases with the age of the rats and is made at different levels of retention. These 
different plateaus also coincide with the age when rats became sexually active and become social 
adults (c.f. Table 14). It is known that at various stages of growth and development the levels of 
enzymes vary, and unique enzymes may exist at particular developmental stages [5, 256]. These 
differences might explain these levels of susceptibility to lead intoxication, once enzymes are 
involved in activation of the processes during the metabolism of lead. 
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These plateaus of accumulation are also present in the bones, but more late in time (Table 14). This 
fact maybe due to the longer half-life time of lead in bones when compared to soft tissue. 
Thus, the decrease of the mean lead concentrations with age by plateaus was observed in all the 
excretions and organs (except for kidney). 
 
 In all the organs(except kidney) and in urine it was noticed that the highest mean lead 
concentration values occur in rats with 1 month-old, which is probably a result of the prenatal 
exposure once is not detected in other works made in exposed rats, but not from foetal period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 14: Different temporal range of the plateaus of accumulation of lead concentration in the several 
organs measured. 
 
 
It is known that about 90% of the amount of lead taken into the human body are expelled within a 
couple of weeks in the waste [5], which, assuming a similar lead kinetic for the rats, explains the 
high concentration values measured in the rats faeces. 
This fact, together with the decrease of lead content in faeces and urine with animals’ age seems to 
support the works of Kehoe et al. [1], Quarterman et al.[238], Smith et al. [37]. According to these 
authors, there is a decrease in absorption of lead with time that is primarily due to a decrease in the 
rate of uptake of lead as a factor of age, and not as adaptive consequence of the continuous 
ingestion of this toxic element. 
This decrease in lead intake and gastrointestinal absorption and the decrease in lead skeletal 
retention, seem to be the most suitable explanations for this decrease of mean lead concentrations 
in bones and soft tissues. Assuming that there is a decrease in lead ingested and absorbed, the mean 
 
Sample 
 
Plateaus of excretion/accumulation 
(months range) 
P1 P2 P3 
Pb in faeces 1st-4th 5th-11th - 
Pb in urine 1st 2th-5th 6th-11th 
Pb in liver 1st 2th-5th 6th-11th 
Pb in iliac bone 1st-2nd 3rd-9th 10th-11th 
Pb in femur 
 
1st-2nd 3rd-9th 10th-11th 
Pb in tibia-fibula 1st-2nd 3rd-9th 10th-11th 
Pb in skull 1st-2nd 3rd-9th 10th-11th 
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lead concentration distributed by blood throughout the body, making it available to other tissues 
and for excretion, also diminishes.  
 
Although most of these statements are obviously exploratory, the results obtained in this work 
increase the understanding of the lead concentration in several tissues and excretions, their relations 
and its dependency on age. However, it also introduces the need of more studies in the domain of 
lead toxicokinetics and metabolism. 
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Annex 1 – Quantum numbers 
 
Symbol Designation Description Range of values Conventional 
nomenclature 
 
n  
Principal 
quantum 
number 
 
Has the greatest 
contribution on the energy 
of the orbital, and describes 
the size of the orbital, once 
it is related with the 
distance of the electron 
from the nucleus (higher n
higher distance). 
n  = 1,2,3,4 …. n = 1 → K; 
n = 2 → L; 
n = 3 → M; 
  n = 4 → N; etc.. 
 
A group of orbitals with 
the same principal 
quantum number is 
called a shell 
  Azimuthal 
or angular 
quantum 
number 
 
It is a measure of the orbital 
angular momentum and 
describes the shape of the 
orbital (spherical  = 0; 
polar   = 1; clover-leaf 
shaped   = 2, etc). 
 = 0, 1, 2, …, ( n -1)   = 0 → s  
  = 1 → p  
 = 2 → d 
     = 3 → f ; etc. 
. 
A group of orbitals with 
the same angular 
quantum number is 
called a subshell  
m  Magnetic 
quantum 
number 
 
Describes the orbital's 
orientation in space, and is 
related with the 
quantization of the z 
component of the angular 
momentum. 
m = -  ,(-  +1),…,0,…, 
   (-  +1),  . 
- 
s  Spin 
quantum 
number 
 
Describes the spin or 
direction (clockwise or 
counter-clockwise) in 
which an electron spins and 
quantifies the intrinsic 
angular momentum of the 
electron. 
s = + ½, s = - ½ . - 
j  
 
Total 
angular 
momentum 
quantum 
number 
Represents the coupling 
between  and s . 
Can't be negative. 
j =  ½ - 
 
Table 15: Quantum numbers description 
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Annex 2 – X-ray spectra nomenclature 
 
The nomenclature used to identify the X-ray emission spectra was introduced by M. Siegbahn in 
the 1920's [257] and is based upon the relative intensity of lines (characteristic radiation) from 
different transitions (Table 16).  
According to this nomenclature, the X-ray spectra are classified in series,  ,  ,  , ..., as the X-ray 
photons emitted correspond, respectively, to the radiative transitions to the atomic levels  ,  ,  , 
respectively (see Annex 1). Each series has several groups of transitions and the more intense 
transition is called  , followed in decreasing intensities by the        etc transitions. This also 
identifies the X-ray as originating from an electron transition between a specific energy level 
within the initial state and a specific energy level within the final shell. The electron transitions 
follow a set of selection rules based on the quantum numbers (see Annex 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 16 - Some of the transitions of series  and  . 
 
 
 
 
 
 
 
Siegbahn 
Nomenclature 
Transition 
Spectroscopic 
Nomenclature 
jn  
         →   2p3/2 – 1s1/2 
        →   2p1/2 – 1s1/2 
        →   3p1/2 – 1s1/2 
         →   3p3/2 – 1s1/2 
            →   4p1/2 – 1s1/2 
4p3/2 – 1s1/2 
       →      3d5/2 – 2p3/2 
        →      3d3/2 – 2p3/2 
         →     3d3/2 – 2p1/2 
       →      4d5/2 – 2p3/2 
…   
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Annex 3 – Histological examination and histochemical analysis of lead in NTS and HDA 
 
i) Sample treatment 
The histologycal and histochemical analysis samples were processed following the usual 
procedures described by Martoja and Martoja [258]. 
The histochemistry was performed according to the rhodizonate method for lead salts [259] to 
reveal lead granules. In brief, brain samples preserved in formaldehyde (10% v/v) were washed for 
3 h with Milli-Q water for formaldehyde removal. Afterwards, they were dehydrated in a 
progressive series of ethanol dilutions and finally placed in xylene used for intermediate 
impregnation. Subsequently, the samples were embedded in paraffin and placed in the oven at 50º 
C over night. After paraffin inclusion, sections with 5 to 7 μm thickness were stained with sodium 
rhodizonate solution for 1 hour. Then, counterstained with aqueous fast green (0.05%) in acetic 
acid (0.2%) for 1 minute. Finally, the sample was rinsed in distilled water, dehydrated, clear and 
mounted in DPX resin. Additional sections were stained with haematoxylin and eosin for structural 
analysis. 
 
Slides were prepared in duplicate for each tissue with 5 sections per slide, and examined through 
optical microscope observation. Pictures from tissue sections were acquired using the image 
analysis software Irfan View v. 4.0. 
 
ii) Experimental Instrumentation 
The histochemical and histological examinations were accomplished using a Leica Jung-RM-2035 
microtome and a Leica-ATC2000 (Wetzal, Germany) optical microscope, with a DFC digital 
camera.  
Absolute ethanol (Merck, Germany), prepared to different grades, and xylene (Carlo Erba RPE, 
Italy) were used during the dehydration and impregnation in histology processing. 
For the revelation of the lead granules within tissues it was used sodium rhodizonate, glacial acetic 
acid and aqueous fast green FCF as counterstain, all purchased from Sigma-Aldrich (USA). 
Hematoxyline and eosine were from Riedel de Haen (Seelze, Germany). DPX resin from BDH 
(Poole, England) was used as mounting medium for slides. 
 
iii) Results 
The results from the rhodizonate method revealed the presence of lead granules within both tissues 
(c.f. Figure 34). The hematoxylin and eosin staining show the target brain tissues where some 
nervous cells can be observed (Figure 35).  
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The histochemistry results were obtained with an Optical microscopy (1000x). It can be observed 
that lead granules are present in great amounts in tissues from exposed rats and undetectable or in 
residual amounts in control tissues. Concerning the exposed tissues, the microscopy observations 
suggest that lead granules have a tendency to accumulate in some specific sites of HDA tissues (c.f. 
Figure 34A), which were identified as the cellular bodies of nervous cells (c.f. Figure 35A). In the 
NTS tissues, the lead granules seem to be scattered unevenly. 
The histological and histochemical results confirm the presence of lead in the brain of exposed rats 
and add complementary information on the distribution of lead in brain tissues. 
 
 
 
 
 
Figure 34: Histochemical detection of Pb granules in Wistar rat brain tissues. Legend: A – HDA from 
exposed group; B – HDA Control; C - NTS from exposed group; D - NTS Control. * Pb granules 
(arrowhead). 
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Figure 35: Wistar rat brain tissues stained by Hematoxilin and eosin. A – HDA exposed group; B – HDA 
Control; C - NTS exposed group; D - NTS Control. * Cellular bodies (arrowhead) 
 
 
The histological examination and histochemistry confirmed the presence of lead in tissues from 
exposed animals and the absence of this element in control tissues. It was also possible to observe 
that the distribution and accumulation of lead granules is different depending on the region of the 
brain analyzed. In the HDA tissue, the lead tends to accumulate in cellular bodies of cells in this 
tissue area [260]. On the other hand, in the NTS tissues the lead seems to be distributed randomly 
and no preferential sites for accumulation were observed as in the previous case. 
The histological studies also corroborate the higher lead accumulation in HDA. To conclude, it 
must be emphasize the fact that there was a preferred lead accumulation in the two brain areas that 
control hypertension. Further studies are being carried out to investigate the influence of lead 
accumulation in the inhibition of the pressure control pathways.  
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Annex 4 – Mean lead concentrations values measured in the several organs and excretions 
 
 
Table 17: Concentration of lead (µg L-1) in the urine of Wistar rats. All samples were measured by ETAAS 
except for 7.5; 9 and 10 months which were measured by TXRF. ª Exposed rats: a total of 6 measurements by 
collection (2 rats, 3 different measurements each). b Control rats: a total of 6 measurements by collection (2 
rats, 3 different measurements each). c SD: standard deviation. d CV: coefficient of variation. e BQL*: Below 
quantification limit for ETAAS < 80 µg L-1 (including diluting factors); BDL*: Below detection limit for 
ETAAS < 30 µg L-1(including diluting factors); BDL**: Below detection limit for TXRF < 100 µg L-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Exposed Ratsª Non exposed Ratsb 
 Concentratio
n min-max 
Mean 
Value 
SD
c
 CV
d
 
% 
Concentration 
min-max 
Mean 
Value 
SD
c
 CV
d
% 
1 month 5 300-5 560 5 460 115 2 210-250 220 20 9 
2 months 2 020-4 570 3 190 1 400 44 BQL*e - - - 
3 months 915-4 715 2 650 1 850 70 BDL* e - - - 
4 months 950-2 655 1 860 820 44 140-170 160 15 9 
5 months 950-3 050 1 780 900 51 80-160 120 40 34 
6 months 555-1 130 870 190 22 BQL* e - - - 
7.5 months 500-1 100 800 420 53 BDL** e - - - 
9 months 670-800 730 70 10 BDL** e - - - 
10 months 600-900 770 130 17 BDL** e - - - 
11 months 450-740 600 140 23 BQL* e - - - 
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Table 18: Concentration of lead (µg g-1) in the faeces of Wistar rats measured by EDXRF. ª Exposed rats: a 
total of 6 measurements by collection (3 rats, 2 different pellets each). b Control rats: a total of 4 
measurements by collection (2 rats, 2 different pellets each).c SD: standard deviation. d CV: coefficient of 
variation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Exposed Ratsª Non exposed Ratsb 
 Concentration 
min-max 
Mean 
Value 
SD
c
 CV
d
 
% 
Concentration 
min-max 
Mean 
Value 
SD
c
 CV
d
% 
1 month 4 150-10 330 8 120 2 980 37 11-15 13 2 15 
2 months 7 880-9 300 8 320 660 8 8-9 9 2 22 
3 months 7 280-9 030 8 280 840 10 10-13 11 2 18 
4 months 7 340-14 820 11 370 3 280 29 50-56 54 3 6 
5 months 3 970-6 150 5 230 950 18 7-10 9 2 22 
6 months 4 510-7 290 5 910 1 420 24 12-21 17 5 29 
7.5 months 4 680-5 200 4 960 260 5 6-7 6 1 17 
9 months 4 030-4 680 4 470 300 7 7-11 9 3 33 
10 months 3 880-4 980 4 480 550 12 6-12 9 3 33 
11 months 5 200-8 000 6 140 1 610 26 8-11 10 2 20 
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Table 19: Concentration of lead (µg g-1) in the liver of Wistar rats measured by EDXRF. ª Exposed rats: a 
total of 6 measurements by collection (3 rats, 2 different pellets each). b Control rats: a total of 4 
measurements by collection (2 rats, 2 different pellets each). c SD: standard deviation. d CV: coefficient of 
variation. e BDL: Below detection limits < 2 µg g-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Exposed Ratsª Non exposed Ratsb 
 Concentration 
min-max 
Mean 
Value 
SD
c
 CV
d
 
% 
Concentration 
min-max 
Mean 
Value 
SD
c
 CV
d
% 
1 month 15-29 22 6 27 BDLe - - - 
2 months 9-11 10 1 10 3-4 4 1 25 
3 months 9-10 10 1 10 3-4 4 1 25 
4 months 7-11 9 2 22 BDLe - - - 
5 months 7-10 9 1 11 BDLe - - - 
6 months 6-8 7 1 14 BDLe - - - 
7.5 months 5-10 8 3 38 BDLe - - - 
9 months 6-8 7 1 14 BDLe - - - 
10 months 5-7 6 2 33 BDLe - - - 
11 months 5-7 6 1 17 BDLe - - - 
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Table 20: Concentration of lead (µg g-1) in the kidney of Wistar rats measured by EDXRF. ª Exposed rats: a 
total of 6 measurements by collection (3 rats, 2 different pellets each). b Control rats: a total of 4 
measurements by collection (2 rats, 2 different pellets each). c SD: standard deviation. d CV: coefficient of 
variation. e BDL: Below detection limits< 2 µg g-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Exposed Ratsª Non exposed Ratsb 
 Concentration 
min-max 
Mean 
Value 
SD
c
 CV
d
 
% 
Concentration 
min-max 
Mean 
Value 
SD
c
 CV
d
% 
1 month 37-49 44 6 14 BDLe - - - 
2 months 55-72 62 8 13 BDLe - - - 
3 months 52-64 58 5 9 BDLe - - - 
4 months 44-102 79 26 33 BDLe - - - 
5 months 57-73 65 9 14 BDLe - - - 
6 months 57-60 59 2 3 BDLe - - - 
7.5 months 57-89 75 17 23 BDLe - - - 
9 months 47-79 63 12 19 BDLe - - - 
10 months 36-71 58 17 29 BDLe - - - 
11 months 48-60 52 7 13 BDLe - - - 
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 Bone lead concentration (µg g-1) 
Age (months) Iliac Femur Tibia and Fibula Skull 
Exposed Control Exposed Control Exposed Control Exposed Control 
1 298±91  298±97  311±123  236±85  
 7±1  7±1  8±1  7±1 
2 271±32  250±37  242±31  182±20  
 7±1  8±2  6±1  7±1 
3 199±19  182±18  189±19  144±14  
 8±1  8±1  8±1  8±1 
4 199±19  193±19  182±28  149±24  
 8±1  8±1  7±1  7±1 
5 209±20  207±36  201±20  167±17  
 8±1  8±1  7±2  7±1 
6 209±22  194±19  185±18  162±23  
 7±1  8±1  8±1  8±3 
7.5 209±34  188±38  176±45  147±42  
 BDL  BDL  BDL  BDL 
9 182±18  183±18  184±18  137±15  
 BDL  BDL  BDL  BDL 
10 101±17  112±20  105±21  101±19  
 BDL  BDL  BDL  BDL 
11 102±26  108±34  106±32  98±26  
 BDL  BDL  BDL  BDL 
 
Table 21: Lead concentration (µg g-1, dry weight) in the bones of Wistar rats measured by EDXRF. For the 
exposed rats each age group contains 3 animals, 2 different pellets each what resumes to a total of 6 
measurements by collection. For control rats each group has 2 animals, 2 different pellets each what resumes 
to a total of 4 measurements by collection. Values are presented as mean± SD (Standard deviation). Values 
below detection limits (BDL) have concentrations < 5 µg g-1). 
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Annex 5 - PIXE measurements 
 
The PIXE is a powerful multi-elemental analytical technique that has detection limits for thick 
targets of the order of 1-10 µg g-1 [261]. However, when focusing the beam to a small areal 
dimension, typically a few microns, the detection limits can be improved by a factor of 100, and it 
is possible to provide concentration data in function of position [262]. Although being considered a 
non-destructive technique, when analysing materials sensitive to heat, such as organic compounds 
(e.g. soft tissues and bones), it is necessary to have some extra care to control the intensity of the 
beam. One of the biggest disadvantages of this method is the use of a complicated and expensive 
particle accelerator for the injection of the protons that act as excitation source [152]. 
 
i) Sample treatment 
For the PIXE analysis, the material already powdered was compressed into pellets (15 mm 
diameter, 1 mm thick) on a boric acid substrate, Alfa Aesar 99.8% (Spain), by a 10 ton manual 
hydraulic press from Specac. A perspex device was used to avoid the contact of the powdered 
material with the steel pressure vessel case, improving the cleaning and decontamination between 
different samples. 
 
ii) Experimental setup 
From the whole set, 9 samples (3 of faeces, 3 of kidney and 3 of liver) were also measured using 
the PIXE set-up installed at the 2.5 MV Van de Graaff accelerator of Instituto Tecnológico e 
Nuclear (ITN), Sacavém Portugal. The system, described in Reis et al. [263, 264], includes a Sirius 
Si(Li) detector with 150 eV resolution positioned at 110º with the beam direction. The samples 
were placed in an Al sample holder and were irradiated with a proton beam passing through a 5 
mm collimator using different energy and beam current values according to the atomic number of 
the sample elements to be quantified. A total acquisition live time of 40 minutes was used. The 
obtained spectra were deconvoluted with the AXIL computer program based on a non-linear least 
squares fitting and the concentration calculations performed with the DATTPIXE software code 
[265, 266].  
Elemental detection limits using the same approach as in Custódio [169], are calculated to be of 2 
μg g-1 for lead. 
The accuracy evaluation was carried out by measuring the certified reference material BCR®482 
Lichen, with a lead concentration of 40.9±1.4 µg g-1. Using the same protocol as for the PIXE 
samples determination, a value 48.3±9.0 µg g-1 was measured. It should then be considered that the 
used PIXE setup and methodology employed presents an uncertainty of about 20% in the 
measurement of lead in biological samples.  
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iii) Results 
The results obtained with the PIXE and the EDXRF techniques agree within the uncertainties of the 
measurements (Table 22). Small deviations can be explained by the used PIXE protocol when 
correcting sample concentration for the beam irradiation damage induced in biological samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 22: Comparative study of faeces, kidney and liver samples measured using the PIXE and EDXRF 
techniques. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Samples of contaminated rats PIXE (µg g
-1
) 
n=3 
EDXRF (µg g
-1
) 
n=3 
Faeces 3 month old - rat 1 10 190±910 8 980±420 
 3 month old - rat 3 7 980±620 7 580±230 
 5 month old - rat 1 5 060±610 6 030±410 
Kidney 5 month old - rat 3 85±14 66±6 
4 month old - rat 3 47±7 47±4 
6 month old - rat 3 80±16 60±6 
Liver 4 month old - rat 2 11±2 8±1 
1 month old - rat 2 20±3 23±2 
3 month old - rat 1 8±1 9±1 
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